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1.0 INTRODUCTION

This report discusses results of a study of instrumen-
tation techniques suitable for processing signals from a total
organics experiment. The basic experiment involves pyrolysis
of a sample having suspected organic constituents and subsequent
detection of the volatile products by an organics-sensitive
device, the Flame Ionization Organic Detector (FIOD). The pur-
pose of this study is to investigate the feasibility and
adaptability of various signal-processing configurations to the
FIOD. The report is divided into two major sections. The first
discusses the investigation of the various methods of performing
the signal processing. This includes the investigation of vari-
ous electrometer systems, different ways in which the detector
background current can be stabilized, various types of integrators,
and the data handling system. Since the experiment is still in
the formative stage, minor emphasis was placed on the investi-
gation of the kind of system supporting functions that would be
required in a flight model. However, the over-all system oper-
ation, including a thorough study of the sequencing and data
requirements of the instrument, was studied because of its impor-
tance in the selection of some of the basic signal processing

circuits.

The second major section compares the different circuits
studied in the report and describes criteria for the selection
of certain ones for this instrument. While reliability, weight
and power are always important considerations in space instru-
ment design, particular stress is also placed on over-all sim-
plicity for this application. The reason is that the experi-
ment is not intended to perform a detailed analysis, but, rather
to answer the very fundamental question as to whether or not
there are organics present on the surface of the other planets
in the solar system. The importance of performing the measure-
ment reliably cannot be overstressed. An important goal of
this study, then, is to instrument the experiment with the most

light-weight, simple and reliable components and circuits possible.
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The instrumentation recommendations are divided into
two categories, namely: those for a scientific feasibility

model for the laboratory; and those for a flight model.

Since the heart of the instrument is the flame detector,
and, since the design of the signal processing electronics is
so heavily dependent on the detector's parameters, the study
has included the design of a flight-type detector. A func-
tional laboratory version of the flight detector is therefore
submitted with the final report, which includes a complete

discussion on its performance.



2.0 PARAMETRIC STUDY

The parametric study is principally a compilation of

parameters important to the experiment.

The over-all experiment is designed to accept a solid
sample, pyrolize it and, by means of a hydrogen flame detector,
determine whether organics are present in the pyrolysis pro-
ducts. The basis of the experiment is that the hydrogen flame
detector is sensitive to all but a few select organics and does

not detect inorganics.

Since the instrument will see only a single peak 1if
organics are present (and no peak if none is present), a
retention time measurement is not necessary in the experiment.
This is perhaps the main basic distinction between this instru-

ment and a hydrogen-flame gas chromatograph.

The following is a discussion of the various parameters

important to the instrument design.

1) Maximum analysis time. The maximum analysis time is

important for two basic reasons: 1) it affects the

gas supplies and electrical power required; and 2)

it determines the detector background current stability
requirements. Since the time is expected to be less
than five minutes, the amount of gas required, and total
power even for several analyses, is not significant.
The maximum analysis time of five minutes does not pose
a problem for the baseline stabilization either; but,
by placing the expected peak in a window (by actuating
the signal processing electronics only during the time
the peak is expected) the stabilization problem 1is
simplified, and transients caused by sample injection
and other system events make the integration problem

simpler.
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Dynamic range. The detector's linear dynamic range
6

is between 1072 and 10713 amperes.

Sensitivity. .The sensitivity, as determined in the
feasibility model flight detector, is about 10712

gm/s.

Flow and pressure dependence. Since the detector is

both flow and pressure dependent, means were investi-
gated to minimize the contributions of each to the
instrument's error.

Baseline characteristics.

a) Background current. The expected maximum back-

ground current is about 10-10 amperes,

b) Noise level. The shot noise is approximately

10714 a/vuz for 1. = 10710 A, DC drifts as much

D
as 10-10 11

A from the nominal 10 A are possible.

System accuracy. The target accuracy for the instru-

ment is 10%.

Peak width. The peak width can be anything between

2 and 20 seconds. It was assumed that once the experi-
ment was designed the peak would not vary between 2 and
20 seconds but, rather, would be a particular width
between 2 and 20 seconds known to within about five

seconds.



3.0 ELECTROMETERS

An ideal detector and electrometer system for gas chro-
matography would possess all of the following properties:

1) Zero baseline error (current and voltage);

2) Linear output, proportional to current, for record-
ing chromatograms and verifying system operation;

3) Output proportional to charge, to enable direct
reading of the areas under peaks;

4) Up to seven decades of dynamic range;

13 AL

5) Maximum sensitivity of at least 10~

In practice, the dynamic range and sensitivity required
are so large that no existing instrument meets all of these
requirements in a totally satisfactory way. The design of
such an electrometer thus depends rather sensitively on the
exact use contemplated. The following discussion of various

kinds of electrometer systems will identify the compromises

made in each system. Some of the electrometers to be described

have already been constructed, tested and flown. The limita-
tions of these systems will be indicated. The details of
design and performance are discussed in references which are

either cited or included as appendices.

Advances in components and in design concepts have made
feasible the development of new kinds of electrometer systems.
The performance limitations and general organization of such

newer systems will be discussed in detail.




The discussion in the immediately following paragraphs
will be limited to problems of the electrometer amplifier
design. A specific recommendation of an experimental system,
based on the relation of the following discussion to the
needs of the proposed experiment, will be made in a later

section.

3.1 Direct-Coupled Electrometers

The conventional direct-coupled electrometer measures
the voltage developed across a resistor by the current to be
measured. To minimize the effects of amplifier gain drifts
and the total leakage resistance and capacitance at the input,
such an electrometer is ordinarily operated in the inverting

feedback configuration shown in Figure 3.1-1.

A .~ amplifier reference input
Vi L Z/
+
— v
’- < -M T >‘Output
Py ST =
i ; ; ; . Ro S PRt
s TCB: . 'nl . Cf
P o] o l
A/ ) L) ) j RN
s , R

Figure 3.1-1 - Direct-Coupled Electrometer

In this diagram,

fete
[

signal current to be measured.

[ie
i

noise or offset current, including detector and
amplifier leakage.

3.1-1




v = nolse or offset voltage.

n

R0 = parallel combination.of source and amplifier
input impedances.

CO = source capacitance,

‘Rf = total capacitance in parallel with Rf.

If the amplifier gain function can be approximated as

V-V = M(v+—v_) (3.1-1)

the closed-loop transfer function becomes

"MR(i, + i) + (MM + 1) v [Rg/Rj+ 1+ p (C  + CoR,]

Rf/Ro + (M + 1)(1 + pCfRf) + pCORf

(3.1-2)
where p is the Laplace transform operator.

If the amplifier gain is much larger than Rf/Ro and then
if the noise can be neglected, the aitput is given by the infinite-

gain approximation:

“Re 3y
v = —2 M >> Rf/Ro (3.1-3)

1 + pCeRe

The minimum value of Cf is typically 0.1 pF, so that the

time constant, RfCﬁ can be long. (For Rf = 1012 Q, Rfo 2 0.1 sec.)
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The high-frequency voltage noise can be quite large,
since at higher frequencies only the capacitative elements are

important, so that the rms output is

\
} v M > 1, v >> l/Rfo) (3.1-4)

which is normally much larger than v (the ratio CO/Cf is typi-
cally 100 to 1000).

Filtering is ordinarily provided to remove the noise at
frequencies higher than the maximum frequency, w = 1/Rfo,

that the electrometer passes.

This analysis shows that the following considerations are

important in the design of an electrometer:
1) The value of detector or amplifier leakage current,
2) The voltage noise of the amplifier (or detector).

3) The value of the source capacitance, including the
capacitance of the detector, its leads, and the input

capacitance of the amplifier.

4) The ohmic source impedance RO should be at least
comparable to the feedback resistance Re.
The selection of the detector and the device used for the

first stage of the amplifier is determined largely, but not

entirely, by these considerations. . Particularly in a space

instrument, the selection of the devices must also be consistent
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with the requirements of low power consumption, high reli-
ability, and freedom from unpredictable drifts requiring com-
plex adjustment or calibration schemes. Designs satisfying
the constraints imposed by the space environment will perform
superbly in the laboratory.

Ordinarily, a direct-coupled amplifier of the type shown
in Figure 3.1-1 can bé expected to perform well over up to
three decades of dynamic range. To extend the range, it is
necessary to change the gain of the system. In a direct-
coupled system, such a gain change can be accomplished by
switching feedback resisggri.l)Low—leakage reed switches have

increases the feedback capacitance; and hence the response

been found to be suitabl The presence of the switches
time. Such range-switching schemes are discussed in Section
5.1.

In the usual application, the detector and amplifier in-
put leakage currents greatly exceed the smallest variation to
be measured. To obtain an on-scale reading, the baseline cur-
rent must be measured and subtracted at the input. Techniques

for performing this function are discussed in Section 6.

To averase the current over a period of time, or to
measure the total charge delivered to the input, it is use-
ful to connect an electrometer as an integrator, by increasing
the feedback capacitance, Cf. The feedback resistance, Rf,
may be omitted, but is still present in the form of the capa-
citor leakage. The form of the transfer function is still

the same, but it is convenient to rewrite Equation 3.1-2 by

(3.1-1) J. H. Marshall, JPL Space Programs Summary 37-14, Vol. VI,
pp 38-40.
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dividing the numerator and denominator by Rf/RO:

—M(iS + in)RO + (M + 1)vn{1 + RO/Rf + p(Cf + CO)RO]

1+ (M + 1)[RO/Rf + PCfRO] + pCORo
(3.1-5)

In the 1limit of large amplifier gain and small values of
RO/Rf and CO/Cf, the output voltage becomes

(3.1-6)

pC.R

pCf . f o

with an effective integration time constant t = MROCf. High-
frequency current noise is filtered out, while high-frequency
voltage noise is transmitted without amplification. Low-fre-

quency noise is amplified by the reciprocal of the frequency.

In particular, current offset errors cause a linearly
increasing output (zero drift). Equation (3.1-6 shows that a
voltage offset also produces an effective current offset vn/RO

if the source impedance R is finite.

Because of the existence of low-frequency flicker noise
(@lso called 1/f, or current noise), with a power density increas-
ing with the reciprocal of the frequency, the use of an input
integrator does not necessarily result in better noise perfor-
mance. Electrometer tubes, large-value resistors, and insu-
lated-gate field effect transistors exhibit large flicker noise
effects. Carrier systems operating at a frequency at which

flicker noise is negligible ordinarily provide superior noise
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performance with the same input devices and feedback elements.

3.1.1 Vacuum Tube Input

Most existing laboratory systems have relied on
the well-known electrometer tube to obtain a high impedance and
low leakage current at the input of the electrometer. A typi-
cal modern electrometer tube (CK-587) has the following para-
meters at the nominal operating point:

Offset (control grid) current (nominal) 3 x 10_15 A
Offset voltage -2V

Offset stability, long term estimate | 100 mV
Transconductance 14 uA/vV
Input impedance 2. 1015 Q
Power consumption (includes filament) 7 mW

All of these parameters are subject to rapid and even catastro-
phic changes as a result of tube aging, cathode poisoning,
microphonics, external shock, and vibration, in a manner charac-

teristic of all vacuum tubes,.

A NASA-funded effort to improve the daracteristics

' L 3.1.1-1
of these tubes is in progreés . &t present, an electrometer
tube fully qualified for the space environment does not appear

to be available.

(3.1.1-1) H. Z. Reed, Status Report on Physics Branch Low Current
Detector Program, Report No. X-623-65-391, Goddard Space

Flight Center, Greenbelt, Maryland, October, 1965.
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Two particular electrical deficiencies of existing
electrometer tubes make them unattractive for new instrument
design. First, their absolute voltage offset is inconveniently
large and unstable. ‘Two similar devices may be used in a dif-
ferential configuration, but good tracking of two different
tubes with different cathodes in different envelopes cannot be
expected. Furthermore, electrometer tubes possess extremely
low gain (transconductance). The low value of the transconduc-
tance, g, is reflected in a high value of the equivalent
noise resistance,

2.5 .
R ~ — (triode) (3.1.1-1)
gm

The corresponding noise voltage per unit bandwidth is, for the

device mentioned

v, = 50 nV//HZ (1 v = 1077

V) (3.1.1-2)

Hence, although the actual thermal noise performance of elec-
trometer tubes is, in fact, close to the theoretically expected
value, the absolute value of the voltage noise referred to the
input is quite large. Furthermore, the gain in a typical cir-
cuit is usually not high enough to eliminate contribution from

noise in the following amplifier stage.

These considerations, as well as some tedious
experiences with electrometer tubes in the Mariner Il program,
lead us to conclude that electrometer tubes are not desirable
as low-current detectors in space applications. The discussion
in the next section shows that the performance of insulated-
gate field-effect transistors, while capable of much improvement,
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is now competitive with that of electrometer tubes. We do
not expect the trend in favor of solid-state devices to be
reversed, so that there seems to be no reason to consider
further the use of an electrometer tube in a project with
several years of lead time except perhaps as a temporary
laboratory expedient.

3.1.2 Field Effect Transistor Input

The unipolar field effect transistor (FET) is a
voltage-operated device whose characteristics and mode of
operation bear many similarities to those of a vacuum tube.
The resistance of a semiconductor channel, either N'type or P
type, is modulated by applying a voltage to the so-called

gate terminal, analogous to the control grid of a vacuum tube.

The electric field of the gate produces a deple-
tion layer which decreases the total resistance by narrowing
the channel. The gate may be simply a back-biased diode (junc-
tion field effect) or an insulated electrode (insulated-gate
field effect, or IGFET). Presently attainable gate leakage
currents are typically 10_12 A in a junction FET, and 10-13
in an IGFET. There are data(3'1wﬁi%ﬁ indicate that a parti-
cular type of IGFET (2N3796) can be operated at a point at
which the gate leakage is only about 10—15 A. This effect
depends on the cancellation of two leakage current components,
like the similar cancellation which occurs in an electrometer
tube at the so-called cross-over point. The insulated-gate
type is clearly more suitable for electrometer applications,

but has not been developed to the same degree as the juncttion

type.

(3.1.2-1) E. J. Kennedy "Gate Leakage Current in MOS Field Effect
Transistors,” Proceedings of IEEE, p 109A, August, 1966.
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The design of any dc amplifier is greatly facili-
tated by the use of two similar devices in a differential
configuration. The devices should preferably be mounted not
only in the same can but on the same substrate. Still, if
care is taken to provide a common heat sink for two matched
but separately packaged devices, performance approaching that
attained by a single-package can be attained. Junction FET
pairs with absolute offsets of a few millivolts and voltage
offset temperature drifts of 10 pV/°C are commercially avail-
able. At the present time only one differential IGFET is
available, a P-channel device (2N3609) manufactured by General
Microelectronics (Philco). This device, which has been avail-
able for about two years, has the following parameters at the

recommended cperating point:

Offset current ' <1013 A
Offset voltage 50 mV
Offset stability (long term estimate) 50 mV
Offset voltage (temp. coefficient) 0.1 mv/°C
Transconductance 250 pA/V
Input impedance 2..1015 Q

Power consumption 3 mW

The offset voltage of a given device exhibits hysteresis

effects under temperature cycling, and severe flicker noise,
. L

of magnitude 100 uV (fo/f)z/VHz, where £ = 1 Hz. This value
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is unacceptably high for some applications. Flicker noise
usually results from inadequate treatment of surface layers,
and in insulated-gate FET's is probably caused by impurities
in the silicon dioxide insulating Jayer at the gate, or by

inadequate techniques in producing it.

Electrometers using this device as an input stage
have been constructed and tested by ATC staff members. An (3.1.2-2
"instrument using the device has been flown in a sounding rocket 2

The double-differential configuration shown in Figure 3.1.2-1
was used in each instance. In this configuration the differen-
tial electrometer stage is followed by a differential pair of
bipolar transistors and an emitter follower stage, which may

be complementary as shown. The advantages of this configuration
are simple biasing, high common-mode rejection, and excellent
zero stability compared to the ordinary single-ended arrange-
ment. The disadvanta%%.ﬁf %%creased reference noise produced by
the second transistor. Because of the relatively poor voltage
gain and matching of the FET stage, the second stage should be

a matched pair of high-gain transistors, which are commonly
available. The noise output of the circuit shown in Figure
3.1.2-1 has been measured using a 1012 ohm feedback resistor.
The total broadband noise observed at the output was 2 mV rms,
corresponding to 2 Xx 10_15 A referred to the input. The noise
sodrces include 30 nV/vHz of midband noise, 1/f noise below

100 Hz, second stage noise, and feedback resistor noise. At

the recommended operating point, the theoretical voltage noise
is that of a resistor of magnitude

0.8
R =~ — =~ 3.2 K (3.1.2-1)

n
gm

(3.1.2-2) R. A. Emerling, J. H, Mullins, J. Van Putten, J. 0. Maloy,
and H. G. Bartholomew, '"Rocket Gamma Scanning of Nuclear
Bursts," IEEE Transactions on Nuclear Science, Vol. NS-13,
No. 1, p 569, February, 1966.

(3.1.2-3) R. D. Middlebrook, Differential Amplifiers, John Wiley §
Sons, New York, 1963
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or about 10 nV/vYHz, allowing for the contribution of both input
transistors. An ideal feedback resistor contributes a thermal

noise current

1n -15 11
EZ;;g = — = 0.4 x 10 A/VHZ, Re = 1077 a.
f
(3.1.2-2)

Unfortunately, resistors in the high megohm range are far from

ideal in their noise performance.

ATC experience thus indicates that the measured
performance of IGFET devices, in particular the 2N3609 in a
complete electrometer, is now comparable to or even superior
to the theoretical performance of the best electrometer tube
alone, although the measured performance is still about a fac-
tor of 3, or 10 db, worse than the theoretically expected

value. Newer devices should show improvements.

The ATC staff feels that the 2N3609 device is
satisfactory for some laboratory uses and short-term space appli-
cations (sounding rocket or balloon flights). Informal reports
of difficulties with this and similar IGFET devices may be based
on inadequate data taken on inadequately designed circuits. For
example, it seems reasonably clear that reports of the fragil-
ity of the devices are in fact reports of the failures of impro-
perly protected circuits, since much of the ATC experience 1is
based on the performance of a high-voltage probe used daily’
in the laboratory. Before such a device is used in a deep-
space application, a careful program to improve and qualify
the device should be undertaken. Initiation of such a program

has been recommended within NASA(S'l'l"l)

(3.1.1-1) Loc Cit 3.1-11




Junction field effect transistors possess larger
input offset currents than insulated gate types, but at pre-
sent exhibit markedly superior noise performance. Advanced
types currently commércially available, which can presumably

be packaged in differential configurations, have the following

parameters:
‘ -12
Offset current < 10 A
Offset voltage 10 mV (estimate)
(differential configuration)
Offset voltage (temp. coeff.) 10 uV/°C (estimate)
(differential configuration)
Transconductance 300 pA/V
Power Consumption in typical 2 mW

application

The noise voltage produced by such a device should be
relatively close to the theoretical value of 5 nV/vHz. Flicker
noise in such devices is for lower than that in existing IGFET

devices.

For the specific device (2N4119A) on which the above num-
bers are based, the manufacturer quotes the following typical

noise voltages per root Hertz vs. frequency:

Equivalent Noise Voltage
Frequency Noise Resistance nV/vHz'
1 H=z 8 M A 200
100 Hz 80 K 20
1 KHz 10 K 11
100 KHz 0.6/gm= 2K 5
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The value at 1 Hz is an extrapolation based on a 1/f variation
of the noise power density, which the manufacturer states 1is
approximately the correct low down to frequencies of order

1 Hz. The voltage noise at 1 Hz is thus almost three orders

of magnitude smaller than that of the 2N3609 IGFET. Then com-
parisons are based on typical experiences and are not necessar-
ily representative of the best that can be done with either

device.

3.2 Carrier Electrometers

The effects of amplifier offset and drift may be elimin-
ated if the source current is modulated to produce an ac signal
which is amplified and subsequently synchronously detected and
compared with the input. Flicker noise from the input ampli-
fier may also be eliminated. ATC personnel have designed suc-
cessful flight systems of this type. Two techniques have been
used: modulation of the input capacitance of the amplifier,
and modulation of the detector power supply. These techniques

will be discussed in turn.,

3.2.1 Dynamic Capacitor Electrometer

ATC staff members were the first to harden a dy-
namic capacitor electrometer into a flightworthy de51§nza?d1)
demonstrate its effectiveness in space applications.
large portion of the electrometer technology developed for those
missions can be applied to the development of a gas chromato-
graph. A new design would, of course, contain many modifica-
tions and improvements compared to the device described in

Reference 6.

(3.2.1-1) . S. Josias and J. L. Lawrence, Jr., "An Electrometer for
Use in Scientific Space Instruments,'" IEEE Transactions on
Nuclear Science, October, 1966.
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For example, the carrier amplifier should use a
field-effect transistor, thereby improving noise performance
and reducing circuit complexity. Feedback will be linear (re-

'sistive). (A/D conversion may be logarithmic if desired.)

The reverse was the case in the Mariner II Solar Plasma experi-
ment. The stability of the Mariner electrometer amplifier was
masked by the thermal and temporal drift of the vacuum-tube
log-diode.

Newer dynamic capacitor modulators are available
which are lighter, consume less power, and erate at higher
frequencies. Two such devices have been studied by ATC:

(1) a piezo-electrically driven tuning-fork unit; and (2) an

electrostatically driven diaphragm-type unit.

The most difficult problem among dynamic capacitor
manufacturers is usually that of obtaining reasonable unit
yields on contact potential specifications. It is our opinion
that repeatable industrial control of thermal and temporal
variations in contact potential still lies within the realm of
witchcraft, notwithstanding applicable textbook theory. Since
yields in past projects have seriously affected cost and deli-
very schedules, we have considered relaxation of contact poten-
tial requirements in favor of compensating drifts through fre-
quent periodic rezeroing of the electrometer. In this method,
the input signal is disconnected and the output voltage is
compared to ground potential and forced close to ground by a
subsidiary loop that is closed only during the zeroing opera-
tion. During normal operation of the electrometer, the zero
correction signal is stored in some manner at the return leg

of the dynamic capacitor.

The discussion of the system errors in Reference 6

allows us to compare the expected performance of the dynamic
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capacitor modulator with that of the direct-coupled electro-
meter described above. The system described had the following

parameters:

-13
Offset current << 10 A
Offset voltage (long term) 5 - 10 mV
Offset voltage (temp. coeff.) 70 uV/°C
Effective input transconductance ~20 pA, rms Voe
(includes capacitor conversion efficiency, (estimate
transformer ratio, and preamplifier gain) )
I . 15
nput impedance : > 10 Q
Power consumption = 20 mw

The use of field-effect transistors, without a
transformer, should result in a ten-fold increase in input
stage transconductance and a corresponding decrease in voltage

noise,

Examination of this table makes it clear that the
primary advantage of the dynamic capacitance electrometer lies
in its negligible low offset current. The offset voltage var-
iation is an order of magnitude lower than that observed with
existing IGFET devices, but this low value represents a low-
yield selection and is not easily achieved. The automatic re-
zeroing loop suggested above is applicable tothe IGFET electro-

meter as well,




For gas chromatographic applications, in which

the detector quiescent current may lie in the range 10_ll to

10-10

ulator seems to offer no particular advantage, since the detec-

A, the low offset current of the dynamic capacitor mod-

tor current must be subtracted in any case.

3.2.2 Electrometer for Use with Modulated Detector

Some types of current detectors lend themselves
to AC modulation of the current stream either by variation of
the collector voltage or by the associated grid structures.
A plasma wake electrometer of this type was flown on the
Agena vehicle used for rendezvous in the Gemini program
(Reference 3.2.2-1). 1In this system a stream of ions entering
a Faraday Cup was interrupted 3840 times per second with -
retarding potential on a control grid. .The collected signal
was a square-wave current that was proceésed with a 3840-Hz
AC electrometer and 5-decade logarithmic A/D conversion system
designed by ATC. The electronic system errors in this experi-

ment contributed about 1% to the total measurement uncertainty.

A modulated detector system is still sensitive to
baseline errors in the detector current during the portion of
the cycle that the detector 6perates. One important consider-
ation affecting.the desirability of detector modulation is that
the signal be modulated exclusively as compared to modulation of
all inherent detector characteristics including errors such sas
baseline and offset. One excellent example of this consider-
ation in the field of Gas Chromatography is the electron capture
detector. This detector, though not applicable to this experi-
ment, provides most stable operation in a pulsed mode (Reference
3.2.2-2).

3.2.2-1 ATC Staff, "Final Report on the Gemini Plasma Wake
Instrument Development Program,' prepared for
Electro-Optical Systems, Inc., 1 January 1966.

w
oo
[
t
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J.E. Lovelock, "Electron Absorption Detectors and the
Technique for Use in Quantitative and Qualitative
Analysis by Gas Chromatography,'" Vol. 35, No. 4, p 474,
April, 1963, 5 9.4



With respect to the signal processing chain, off-
sets are introduced by the synchronous demodulating device.
The AC amplifier must be stable and sufficiently fast to
follow the input variations without introducing appreciable
variations in either amplitude or phase. The plasma wake
instrument used a chain of stable broadband feedback ampli-
fiers followed by a full-wave demodulator and active filter.
The absence of over-all feedback to the detector was acceptable
in this instance since the error from amplifier gain and demod-
ulator offset variation was negligible compared to detector

variations.
Such a system would also be acceptable for gas
chromatography. The complexity of the electrometer section

is comparable to that of the dynamic capacitor electrometer.

3.3 AC-DC Electrometers

The carrier electrometers discussed in the previous sections
are still subject to voltage offset errors. For example, the
dynamic-capacitor electrometer is subject to thermally-induced

voltage offset error in the order of 5 to 10 mV.

When the feedback loop is closed, the offset error of the
input device appears as a voltage difference between the input
summing mode and the voltage reference (ground). If this
voltage is chopped with a switch whose offset is lower than
that of the input amplifier, the resulting AC voltage may be
amplified and fed back to the reference point to reduce the
offset to that of the switching device. This technique is
particularly important in the design of integrators with |
extremely low drift. A block diagram of such a system is

shown in Figure 3.3-1.

Typical parameters of the three commonly used chopping

devices are listed in Table 3.3-1.

3.3-1




Device

Mechanical
Chopper

Bipolar trans-
istor dual-
emitter
chopper

FET
chopper

Voltage Current Closed
Offset Offset (leakage) Resistance
10-20 uV not applicable 0@
50 wV 107° A 50 @
0 107 - 10712 4 10 K
Table 3.3-1

Chopper Parameters

.3-2
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The DC performance of these devices described in the table
is not the only criterion of use, since mechanical choppers
have limited lifetime and require high drive power. The chopper
drive signal can be capacitively or inductively coupled into the
AC amplifier input to produce a spurious offset signal. Such
difficulties are aggravated by use of choppers requiring high
drive power. The data in the table shows that except for elec-
trometer applications requiring current offsets of less than
10—11 or 10—12 A at room temperature, an IGFET chopper offers
superior performance, since it is essentially a modulated

resistance with no inherent voltage offset.



4.0 INTEGRATION

This section is devoted to discussion of techniques for
measurement of areas of chromatographic peaks. Considerable
thought has been given to this topic since integration provides

the truly quantitative measurement independent of form factor.

4.1 Direct Analog Integration

This section discusses direct analog integration of the
detector signal current. This approach utilizes an operational
amplifier with Miller-type capacitive feedback to integrate
the detector current for a time interval sufficiently long to

measure any detector output.

4.1.1 Integrator Configuration

Since voltage changes at the input of the integra-
tor will upset the baseline stabilization, integration is best
performed operationally as shown in Figure 4.1.1-1. This type
of circuit maintains a "virtual ground'" at the input by use of
negative feedback.

Within limitations (to be discussed later), the
integrator output can be shown to be

1 T :
e, ¥ -~ — J/p id dt, A (4.1.1-1)
C Jo

where €, is the integrator output voltage,
C is the integrating capacitance,
T is the time (since the last reset) of integration,

i, is the detector current in excess of the static (or
baseline) value, I4, and

t is time.

4.1.1.1 Feedback Capacitors

Since the input of the operational ampli-
fier will remain very close to ground, the feedback capacitors
4.0-1
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required can be computed from the net charge accumulated in
Equation 4.1.1-1

Q
c = , (4.1.1.1-1)

where Q is the net accumulated charge and V is the correspond-

ing output voltage desired.

The smallest capacitor is determined by
the minimum charge which must be detected and the correspond-
ing voltage. This sets the system threshold. Assuming output
measurement will be in the form of logarithmic analog-to-
digital conversion, a typical threshold would be 100 mV. Using

this value and a charge of 10712

coulomb, we calculate 10 pF
3/2 (=31.6) volts full-

scale and 10_S coulomb, the maximum required capacitance is

for the minimum capacitance. For 10

0.316 uF. Since 2.5 decades are covered on each logarithmic
scale, three scales will be required to cover the specified
input charge range. Since the quantizing resolution is approxi-
mately constant for a logarithmic converter throughout the
range, integrators using such conversion will not require over-
lapping scales. The capacitances and corresponding charge

ranges are shown in Table 4.1-2.

If a 10-bit linear analog-to-digital con-
verter were used, the combined amplifier/converter threshold
could be about 10 millivolts and amplifier full scale 10 volts.
The integrator feedback capacitors would then be calculated
using these lower voltages; however, the circuit considerations
are not basically changed. The integrator used with a linear

analog-to-digital converter must include enough scale overlap
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Table 4.1-2

Integrator Scaling Parameters (Using Log A/D Conversion)

Scale Capacitance Charge Range
Designation (pF) (Coulombs)
00 10 10712 to 3.13 x 10710
01 3,160 3.16 x 10710 to 1077
10 10° 1077 to 3.16 x 10°°

4.0-4




to preserve the scale-to-scale accuracy. The largest error
occurs just after scale switching. If switching occurs at

almost full scale (10 volts) and the voltage readout resolu-
tion is 10 millivolts, the maximum error is computed as fol-

lows:
I B I
% error = \10 P — 100%) = 0.1 k%, (4.1.1.1-2)

where k is the ratio of the feedback capacitance on the higher
scale to the capacitance on the lower scale. For t 5% error,
k is 50. The required feedback capacitances and correspond-

ing charge ranges are shown in Table 4.1-3.

4.1.1.2 Error Calculations

A block diagram of the approach is shown
in Figure 4.1-4. For purposes of error and response calcula-
tions, we can use the equivalent circuit shown in Figure 4.1-5.
Ce
and R, is the resistance shunting Cf. Ry is the equivalent re-

f
sistance shunting the amplifier input, and includes the ampli-

is the feedback capacitance including any stray capacitances,

fier input resistance, the detector shunt resistance, and the
baseline stabilization resistance. Similarly, Ci includes all
the capacitance shunting the amplifier input. AV is the ampli-
fier voltage gain. VO and I, are the amplifier offsets.

4,1.1.2.,1 Capacitor Leakage Resistance

Error

The transfer impedance, ZT’ is

given by

[
1t
i
I
™~

(4.1.1.2.1-1)




Table 4.1-3

Integrator Scaling Parameters (Using Linear A/D Conversion)

Scale Capacitance Charge Range
Designation (F) (Coulomb) "
00 10710 10712 o 107°
01 5 x 1077 5 x 10711 o 5 x 1078
10 2.5 x 1077 2.5 x 1077 to 2.5 x 1070
11 1.25 x 10_5 1.25 x 10_7 to 1.25 x 10~

4.0-6
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A 7.

v©i

f Zi+Zf
the voltage gain around the integrator loop) must be made

Thus if ZT 1s to approximate closely Z (which is

large at all frequencies of interest. For the range of fre-
quencies where the integrator loop gain is high, Equation
4,1.1.2.1-1 becomes

Re
Lp = Ly = —i . (4.1.1.2.1-2)

1+ CfRf

For frequencies significantly higher than 1/(2anRf),

Iy = ——— = — . (4.1.1.2.1-3)

Equation 4.1.1.2.1-3 is recognized as the proper transfer

impedance for an integrator.

The basic accuracy limitation
is due to the resistance shunting the feedback capacitor. The
feedback time constant, Rfo, must be large compared to the
analysis time if accuracy is to be maintained. For small errors
due to the feedback time constant, it can be shown that the

fractional error, k, is

T
ko= ’ 4.1.1.2.1-4
RC (.c-.—)
£7f
where T is the time from the integration until readout. If

the readout occurs 10 seconds after a charge impulse and 1%

error is allowed (k = 0.01), Rfo 2 1000 seconds and Rf = 10

for the 10 pF capacitor. By careful attention to circuit design,

14 ohms
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component selection, and integrator layout, the required Rf
can be realized. The time constant is more easily realized
with the higher-valued capacitances since the required Rf is
smaller.

A The shunting paths through
the relay contacts (Sl, SZ’ 83, S4 in Figure 4.1-4) are elimin-
ated by shorting to ground the output side of any relay not in
use. For example, when the integrator is on the most sensi-
tive scale (00), all relay wipers are grounded. Therefore the
output voltage cannot appear across the relay leakage resistance.
To increase the output-to-input leakage resistance further, the
amplifier input must be completely guarded by grounded shields.
By careful attention to these details, error (on the 10 pF
scale) due to output-to-input leakage resistance can be held

to about 1% for a 10-second measurement interval.

4.1.1.2.2 Integrator Input Offset Errors

Input offsets are represented
by v, and IO in Figure 4.1-5. The current offset, I,, must
include the difference between the detector quiescent current
and the baseline bucking current.

The tolerable current offset
can be determined by calculating its charge (time integral of
‘the current) over the integration interval. ¥For this charge to
equal the integrator threshold, the tolerable current offset is

QT
Io = e (4.1.1.2.2-1)
T
where QT is the desired charge threshold of the integrator and

T is the time that the integrator is gated on. For example,

4.0-10



if Qp were 10712

current (after baseline compensation) must be less than 10

coulomb and T were 10 seconds, the net offset
-13

amperes.
The allowable voltage offset

can be approximated by calculating the voltage required across

R, to develop the permissible Io.

107% v or 10 mv.

)

(4.1.1.2.2-2)

The baseline compensation cir-
cuitry will be required to null the dfsets to less than the
values shown above for a 10-second integration interval and

-12
10

increasing the threshold charge, the offset specifications

coulomb threshold. By reducing the integrating time or

can be relaxed.
4,1.1,2.3 Finite Loop-Gain Errors

There are two major errors
caused by the finite loop gain. The most serious is the scale
factor decrease and its instability at low loop-gain levels.
The second error is caused by charge loss to the shunt input
capacitance (Ci in Figure 4.1-5) of the integrator and through
the shunt input resistance (Ri in Figure 4.1-5).

Figure 4.1-6 (a) is a schema-

tic of the integrator and Figure 4.1-6 (b) is an equivalent

circuit from which the gain-induced errors can be calculated.

4.0-11
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() INTEGRATOR SCHEMATIC (SIMPLIFIED)
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() EQUIVAL ENT CIRCUIT

INTEGRATOR SCHEMATIC TRANSFORMATION

FIGURE 4.1-6
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From Figure 4.1-6 (b) it is clear that the integrator shunt
input capacitance, Ci,‘causes a relative error, k, given by

. Cy Cy . (4.1.1.2.3-1)

C; + (1 +A) Cg (1 + A) Cg

C.
A > I -1, | (4.1.1.2.3-2)
k Cg
: -10
For example, 1if Ci = 10 R
cg = 1071, ana
k = 0.01 (1% error),
then
A = 999, (4.1.1.2.3-3)

The time decay of the output voltage is determined by the

time constant of the equivalent circuit. C; can be neglected

since it must be much smaller than (1 + A) Cf. The remaining

elements yield a time constant of

(1 + A) Ry Rg

(1 + A) Ri + R

T = C

P (4.1.1.2.3-4)

f
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This is the same as the time constant of a capacitor Cf which
is shunted by resistors (1 + A) R, and Re. The value of Re
for an error of 1% has been computed in Section 4.1.1.2. If

R, is allowed to cause the same error, the required gain is

Re

R.
1

>
v

- 1. (4.1.1.2.3-5)

The minimum allowed value of Rf is 1014 R, If Ri = 1011 Q,

A z 999, (4.1.1.2.3-6)

A summary of the integrator
errors is tabulated in Figure 4.1-7. These errors can be re-
duced by changing amplifier gain and details of scaling, base-
line stabilization technique, and A/D conversion. More spe-
cific detector characterization is required before the opti-
mum configuration can be determined. The amplifier frequency
4 Hz (1000-second time
constant) on the low end. The high-frequency response will be

response must extend to about 1,6 x 10

determined by the shape of the current pulse. The upper cut-
off frequency will probably by about 10 Hz.

4.1.1.3 Amplifier Rate Limit

The final amplifier characteristic to be
considered is its rate limit. It is by no means simple to
specify this characteristic since it involves specific detec-
tor characteristics, baseline stabilization details, and
electrometer input characteristics,

4.0-14



Equivalent Scale-Factor

Offset Error

Error Source (Coulomb) (%)
* A/D Conversion (log, 8 bits) 10713 < 1%
Feedback Capacitor Tolerance --- < 1%
Feedback Capacitor Leakage Resistance --- < 1%
Amplifier Offset Current < 10712 ---
Amplifier Offset Voltage < 10712 ---
Amplifier Finite Loop Gain

1) Scale Factor --- < 1%

2) Input Capacitance -— < 1%

3) Input Resistance --- < 1%

Maximum total worst-case error < 2.1 x 10-12 + 6% of signal.

* Linear 10-bit conversion (4 scales)
yields 10-13 coulomb * 5%

Figure 4.1-7

Summary of Integrator Errors
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If the amplifier rate limit is too low,
the integrator loop opens and a voltage builds up on the sum-
ming point capacitance. This can have two detrimental effects:

1) Detector current might change due to the change in
voltage across the detector. '

2) Integrator performance may degradate due to bias

change.

For modest detector voltage changes (say
10 V), the detector current will not change appreciably since
the detector operates in the current-saturated mode.  However,
much larger voltage changes are apt to cause serious errors.
The actual detector current sensitivity to detector voltage
will have to be determined by breadboard tests.

High electrometer input voltages may cause
performance degradation or failure in certain types of electro-
meters. For example, the electrometer may block when over-
loaded, may require a long recovery time, or it may dissipate

the charge signal by drawing excessive input current.

It should be noted that simple nonlinear-
ity itself or temporary blocking is not harmful as longas the

signal charge is stored on the input capacitance.

In order to be perfectly safe, however, a
rate limit can be specified such that linearity is maintained
throughout the analysis. The integrator (Figure 4.1-8) output

voltage is

S — (4.1.1.3-1)
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and the output voltage slope is

dv 1 dq i
—_° - _ 2 . 4 (4.1.1.3-2)
dt C dt C

For the leading edge of the pulse shown in Figure 4.1-8

= kt (4.1.1.3-3)

where k is the slope of the pulse. From this it can be shown
that

= V/2qk (4.1.1.3-4)

where q is the charge accumulated. This can be refined to
show that

= /Zv Ck . (4.1.1.3-5)

By substituting (4.1.1.3-5) into (4.1.1.3-2) we obtain

2 = . ° (4.1.1.3-6)
dt C

Equation 4.1.1.3-6 shows that the maximum dvo/dt occurs when

v, and k are maximum and C is minimum. The greatest value of
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v, is at full scale, and k is maximum for the largest input.

C is lowest on the most sensitive scale. Thus the maximum

slewing rate occurs on the most sensitive (10 pF) scale and

is

-6 !
2 x 10 x 31.3

10-11

max (4.1.1.3-7)

= 2500 V/sec,.

A summary of the electrometer specifica-

tions are tabulated in Table 4.,1-9.

4.1,

5> Integrator Operating Cycle

The integrator sequencing is as follows (refer to

Figure 4.1-5:

1) Close all feedback switches to reset integra-
tor.

2) Open all switches and baseline stabilize using
the 10 pF feedback capacitor.

3) Set baseline current constant and start analysis.

4) Switch to next larger capacitor if output vol-
tage exceeds full scale.

5) Continue integration for specified time inter-
val, then

6) read output voltage and scale factor.

Programmer commands are required to control the integrator

sequence.

4,0-19




11

Input resistance > 5 x 10 )
Input capacitance | < 50 pF

Input offset current <107t A
Input offset voltage < 1.0V
Voltage gain ‘1000 V/V

(from 10-4 Hz to 10 Hz)

Qutput voltage rate limit > 2500 V/sec.
Output impedance < 200 @

Table 4.1-9

Electrometer Specifications
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4.2 Post Analog Integration

Post analog integration is defined here as analog inte-
gration following an analog electrometer. In this configura-
tion the integrator must process the electrometer output to

obtain the integral of the detector current.

Consider the electrometer required to handle the speci-
fied range of currents (10-13 to 107° A). This dynamic range
(107) requires scale switching such as shown in Figure 4.2-1.

The output of the electrometer can be shown to be

1
e, = -Zf Zf — i, (4.2-1)
1+ 54—
A, Z;
The parameters are defined in Figure 4.2-2.
A, Z
For sufficiently high loop gain zzfr—zg >> 1,
e, = —Zf iss (4.2-2)
and for radian frequencies far below
1
w = R (4.2-3)
Re Cf
eo = -Rf iio (4.2'4)

The automatic scale-factor device is required to select a
scale such that the output voltage remains at a level that can

be processed by the integrator without excessive error.

Now that the current is converted into a voltage, this
voltage must be reconverted into a current in order to inte-

grate the voltage. The circuitry required to integrate the
4,2-1
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reconstructed current accurately is virtually the same cir-
cuitry required for direct integration. In view of this fact,
the electrometer circuitry can hardly be justified for deter-
mination of the net charge delivered by the detector. If one
is required to determine other parameters of the current pulse,
use of the electrometer may be indicated.

For low accuracy, restricted-range measurements, use of
the electrolytic cell integrator may be indicated.

4.2.1 Electrolytic Cell Integrator

-~ The Bissett Berman "E" cell is an electroplating
component that integrates by plating silver from one electrode
to another as a function of current between the electrodes. One
of the electrodes contains all of the silver. At the beginning
of the sequence, current through the cell causes the silver to
plate onto the bare electrode. Thus, the amount of plating
accumulated is a function of charge through the cell. Since
the action is completely reversible, the cell can be read out
by applying a fixed reverse current of a known value. The time
for the solution to be replated is proportional to the integral
of the signal.

The voltage drop across the cell during plating is
about 50 mV. As the plating terminates, the voltage drop in-
creases to greater than 400 mV, and this abrupt change is used
to signal the end of integration.

, The cells typically are rated at 120 uA/hr. The
maximum current permissible is less than 5 mA, and the minimum
measurable charge is 1 uAs, or 1079 c.

The cell, however, has a dymmic range which is
limited by the maximum and minimum currents required for re-
liable operation over the temperature range. Typically, Imax=120 nA
and Imin = 5 pA at -55°C which are léss than two decades apart.

The cells, thus, are not practical for use in wide dynamic range
4.2-4



devices such as gas chromatographs.

4.3 Digital Integrating Electrometer

The digital integrating electrometer shown in Figure
4.3-1 operates as follows: The input current, is’ is inte-
grated on the electrometer feedback capacitor Cf. The out-
put of the electrometer may be amplified by a stable dc post-
amplifier as required. The eventual output is fed into a
level discriminator or comparator whose digital output is
used for two purposes: 1) to trigger a digital counter;

2) to deliver a pulse of negative charge to the input by
means of an apprdpriate pulse-forming network. If the magni-
tude of the feedback charge per pulse is Qf, then the dis-
criminator operates at a frequency f = iS/Qf. The input
charge delivered by the source during an interval of time

T is given by
Q = idt, (4.3-1)

and is approximated by NQf, where N is the number of charge
pulses fed back as well as the number of events recorded by
the digital counter. The synchronizer shown ensures that
only discrete quanta of charge are fed back and that the

charge pulser does not operate at too high a rate.

This system has the advantage that the analog integra-
ting electrometer is used only as a null-sensing device. The
gain and stability are determined by the offset errors of the
amplifier and detector and by the gain and offset errors of
the charge pulsing network. The value of the feedback capa-

citor is not involved in the gain determination.

A breadboard system of this type, using a 2N3609 IGFET

integrating electrometer, was designed by ATC personnel for




measurement of currents from beam monitor ion chambers at the
California Institute of Technology 1.5 GeV electron synchrotron,
to replace ancient vacuum-tube integrators which work on essen-
tially the same principle. Systems operating on the same prin-
ciple are used in a number of commercially-available voltage-
to-frequency converters and integrating digital voltmeters.
These commercial devices are of course not intended for low
current measurements, but even so, have a typical maximum sensi-
tivity of about 107°
grators at the Cambridge Electron Accelerator.

A, and have been used as ion current inte-

The considerations relevant to the design of such an elec-

trometer system are discussed in the following subsections.

4.3.1 Effects of Offset Errors

Unavoidable system errors are introduced by the
current and voltage offset of the electrometer and by the cur-
rent and voltage offset errors and gain variations of the charge-
forming network, as well as the corresponding errors of the post-

amplifier, if one is used.

Errors which are avoidable, at least in principle,
are introduced by the finite open-loop gains of the amplifier
and by the rounding error inherent in the discrete charge feed-
back scheme. (The gains may always be made larger, and the analog
output of the electrometer may also be read.)

The magnitudes of the unavoidable offset errors

will now be discussed.

According to equation 3.1-6 drifts are produced by
current offsets or noise at the integrator amplifier input.
Drifts are also produced by voltage offsets if the source impe-

dance Ro is finite.



The mean component of the drift can be cancelled
by an appropriate baseline stabilizing network like that des-
cribed in Ref. 4.3.2-1. The fluctuating component produced
by low-frequency noise does no harm unless it is large enough
to operate the comparator relatively frequently. If the charge
feedback system delivers only one sign of charge, noise of all
frequencies may be rectified. Acceptable commercial integra-
ting digital voltmeters contain networks which feed back both
signs of charge. The gains of the two networks must be equal
if the instrument is to possess the same calibration for positive

and negative inputs.

Use of only one sign of feedback charge is accep-
table provided that the noise counting rate can be made negli-

gible.

A device exhibiting a large flicker or excess
voltage noise, as do presently available insulated-gate field-
effect transistors, should be used in configurations with high

input impedance to minimize the fluctuation in the drift.

4.3.2 Charge Feedback Systems

Two methods for feeding back charge to the input
have been studied. The first technique employs a capacitor
which is charged to a reference voltage and is then discharged
into the input each time the discriminator operates, as shown
in Figure 4.3.2-1.

This technique is subject to thermally or temporally-
induced error in either the capacitor or the reference voltage.

With modern components, errors from these sources can be made less

4.3.2-1 J.H. Marshall, "A Capacitor Storage Scheme for Gas
Chromatograph Detector Quiescent Current Compensation,"
JPL Space Programs Summary No. 37-24, Vol. IV, 213.

4.3-3
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Figure 4.3.2-1
Capacitative Charge Feedback Network




than 0.1% over the full military temperature range.
Transistor or diode switches possess voltage offsets which
can be made less than 1 mV, or 0.01% of a 10 V reference.
However, junction devices possess large leakage currents,

10 A at 20°C, which make them unsuitable
for low-current applications. Insulated-gate field effect

typically at least 10

switching transistors exhibit no voltage offset at all, and
possess current offsets in the range of 10—11 to 10-12 A at
20°C. Such switches may be used in applications where a base-
line error of this magnitude is acceptable, provided the upper
limit of the temperature range is not large. At 100°C, a

10712 A leakage increases to more than 1077 A.

Timing of the switch operation is uncritical,
except that enough time must be allowed to charge and dis-
charge the capacitor completely through the finite on-resis-

tance of the switch.

During the time the switch is closed, high fre-
quency voltage noise at the input is amplified by the ratio

(Cf + C)/C.

In the simple system shown, an additional error
in the fed-back charge is introduced by the voltage offset
of the integrator, in that the capacitor does not discharge
completely. This error may be eliminated by using a double-
pole switch to connect the low side of the capacitor to the
electrometer output. If this procedure is used, the charge Q

left on the integrating capacitor depends on the ratio of

4.3.2-2 ATC Staff, "An Experimenter's Handbook for Space Instru-
ment Design,' Sections 3.1 and 3.7, 7/29/66.

4.3.2-3 T.M. Harrington and J. H. Marshall, '"A Pulse-Height
Analyzer for Charge-Particle Spectroscopy on the Lunar
Surface.'" In Press.

(4.3.2-2, 4.3.2-3)




the feedback capacitance to the integrating capacitance:

Cf
Q = v Q
C+ Cg f
The value of the integrating capacitor may become important
in determining the gain of such a system, so a stable com-

ponent must be used.

A second possible technique, using resistive feed-

back, is shown in Figure 4.3.2-2.

Errors in this system are introduced by variations
in the reference voltage, the time T, and the resistance R.
All may be made negligible (>0.1%) over the full military
range. To achieve this accuracy, the time interval should
be crystal controlled, the rise time of the switch should
be appropriately short compared to T, and stable resistors

must be used.

Errors are also introduced by the offsets of the
switch and by rectification of voltage noise produced by the
presence of a relatively low impedance at the input during the
on time of the switch. A switch with a very small current
offset may be made by generating the reference voltage with
a stable current source loaded by-a low output impedahce; as

shown in Figure 4.3.2-3.

This scheme was employed in the breadboard ion
current integrator mentioned earlier. The output of the
device exhibited relatively large low-frequency fluctua-
tions, presumably of directly transmitted flicker noise
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and because the feedback resistor R was continually con-

nected to ground through the low impedance, R,, making the

L’
drift rate sensitive to noise in the IGFET input stage. The
maximum current the device could accept was comparable to that
of the proposed gas chromatograph, so that similar problems

would be expected if the IGFET device were used.

4.3.3 Rounding Error and Discriminator Threshold

When a total charge Qt has been delivered to the
input summing mode, the discriminator operates and feeds
back a charge Qf. If the threshold charge is chosen to be
half the feedback charge, so that Qt = % Qf, the average
output of the electrometer for a slowly varying input current
is zero, if offset errors are neglected. This choice of the
threshold then produces zero expected rounding error. The
operation is diagrammed in Figure 4.3.3-1, which shows the

behavior of the electrometer output for a constant input

current.
Voltake ' e L o
or - o o7t T
Chargp o L ' : L “t Q .
2P et : < umT-mex R B T £ time
- | . 1 R

Figure 4.3.3-1 Electrometer Output

This relation implies that the threshold (bias)
voltage of the discriminator should approximately satisfy the
following relation:

\ = M, = e Qg (4.3.3-1)

where M2 is the gain of the post-amplifier and Cf is the feed-

back capacitance of the integrator.
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4.3.4 Dynamic Range

The dynamic range is set on the low-current end
by the signal-to-noise ratio (or spurious counting rate)
desired, and on the high-current end by the peak current and
charge to be measured. We examine the latter limit first.

If the maximum signal consists of pulses of
charge Q> lasting a mean time T, the electrometer cannot
saturate if

Q, < Cg V (4.3.4-1)

where Vm is the maximum output voltage of the integrator
stage, even if the fed-back current is momentarily smaller
than the feedback current. This consideration determines
the minimum value of Cf:

Ce > Q/V, (4.3.4-2)

If the maximum input consists of a steady current Im’ feed-
back charge Qf must be supplied at a rate f such that

I < £Q, (4.3.4-3)

To obtain the maximum sensitivity, consider
that we initially reset the integrator perfectly and also
épply a perfect drift correction. Subsequently, only the
noise components can cause the integrator to drift, as a
result of fluctuations in the current at the input. For the
purpose of making an estimate, let us suppose that the noise
can at least be bounded by a shot noise current caused by
the random arrival (and departure, since the mean current
into the summingnode is assumed zero) of electrons at the
input. The subsequent behavior of the integrator output

4.3-10



voltage is then a random walk. In a one-dimensional random
walk, the probability that the system survives N steps and

reaches a point m steps from the origin without crossing a

) (4.3.4-1)

boundary m, steps from the origin is (for large N

1

1
/2/*

1%xp(-m2/2N)—exp UZml-m)z/ZN}

oy 2
p(m,N’ml) —(?N'

(4.3.4-4)

I1f the dc component of the current entering and
leaving the summing mode is I, and the observat;dn'is T, the
total number of '"steps' 1is equal to the total ﬁumber of elec-
tons of charge e:

N = — (4.3.4-5)

The number of steps corresponding to a voltage
V at the discriminator input is

(C.V/M.)
m o= —f 27 (4.3.4-6)
e
(C.V_/M,)
while m, - -i%§L-Ji- (4.3.4-7)

Substituting these relations in the above expression, we

obtain the probability that at T the output voltage has

4.3.4-1 S. Chandrasekhar, Stockastic Problems in Physics and

Astronomy, Revs. Mod Phys. 15, 1 (1943)

4.3-11




reached a value between V and V + dV, where V < Vt’ without
ever reaching Vt:

: C 2 A
£ 2 £
p (v, IT, V = ——-( )~ exp|- ———
t m, |vIT, 2e1TMZ
2 .2 )
-exp -(ZVt-V) Ce /2eITM2 (4.3.4-8)

To obtain the total probability that the system survives
without operating the discriminator, we must integrate the

above probability density from V = -« to V = Vth' The result
is nearly unity only if
C.V >>VelIT M . (4.3.4-9)

f't 2

The current used in this expression must include the con-
tribution from input flicker and voltage noise developed
across the input resistance Ro’ integrated over the noise
bandwidth.

The directly-transmitted component of the voltage
noise must be superposed on the drift. The noise introduced
by the post-aﬁplifier must be added directly to that of the
integrator, indicating that the post-amplifier must also be

a low-noise design.

The probability per unit time that this noise

voltage passes through the discriminator threshold with

positive slope can be computed if the drift 1is neglected.gqéséféi’

4.3.4-2 S.0. Rice, Bell Systems Technical Journal, 23, (1944);
25, 46 (1945)

4.3.4-3 M. Kac, Amer. Jour. Math, LXV, 609 (1943)
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Q
NN
N

1 2
p o= exp (—Vt /20?) (4.3.4-10)

Q
N

where 62 = f% —/ le(w) IVi (0) dw
0

2
1
g2 = 7 J{a wZIMZ(w) | Vn (w) dw (4.3.4-11)

The number of times that the discriminator operates on noise
during the observation time T is N = pT. This number must be

small compared to unity.

If the finite bandwidth of the post-amplifier is
not to introduce an error, it must be larger than the charge
feedback frequency f. To estimate the probability of a spurious
count, we shall take

Mz@)) = M2 w < 2nf (4.3.4-12a)
Mz(w) = 0 w > 2nf (4.3.4-12Db)
and shall assume the noise spectrum to be flat. (It isn't

because of flicker noise, but most of the contribution to

the integral will come from higher frequencies.)

These assumptions yield the following expression

for the expected number of false triggers:

_ 1 fT o2 2.2
N = It % exp (Vt/? VM, (4.3.4-13)

4.3-13




The breadboard ion current integration described

earlier had the parameters

£ = 100 kH:z
v, = 30 nvV //Hz
T = 1 s
_ 3
M2 = 10
v, = 0.1V (4.3.4-14)

These values yield an expected counting rate of
approximately 0.4 spurious counts per second after reset
approximately the number observed. The agreement is fortuitous
in view of the sensitivity of the Gaussian factor to the
assumed mean square noise.

The corresponding probability of false triggering
as a result of random drift rates was negligible. As long as
the voltage noise dominates the drift, we can combine the re-

lation given earlier to arrive at the ratio of minimum to maxi-
mum charge: |

1) To make the voltage noise acceptable, we must
have

1
i1

> v VE 1og( 1 ) (4.3.4-15)

e

2 NV3

where N is the maximum acceptable probability
of a false count.

2) Combination of the rounding error and dynamic

range conditions lead to the relation

Vi . Uy (4.3.4-16)

m

4.3-14



3) Combination of these two equations leads

to the dynamic range

1
3
i

Q,/Qf = (Vm/ZVn/f)llog £T/27NV3 (4.3.4-17)

The frequency f is determined by the maximum

time T available to count down the charged integration:
f = Qm/TQf (4.3.4-18)

Substituting this frequency into Equation 4.3.4-17,
the dynamic range Qm/Qf is found to be the root of the trans-

cendental equation

! 1
i “3
o T { Q./Q
(Q,/Qp) /% = \vm /T/2v ' {log “m’f (4.3.4-19)
I 2T N3
IfV_ = 10v, V =30 n//Az, T =10° s, and 2rN/3 = 1, the

dynamic range is the solution of

-1/3

(Q/Q) = (1.42 x 10%) (log Qu/Q0)  (4.3.4.20)
which turns out to be
Q/Q)) = 6 x 10° (4.3.4-21)

The corresponding maximum feedback frequency is 6 KHz.

This extimate of the dynamic range is valid only if

the input baseline current can be cancelled with the accuracy

4.3-15




required, namely

Q
s 3o (4.3.4-22)
m

1p

The above estimate of the dynamic range is also
valid only if the principal objective is to measure single
pulses of charge. Extra dynamic range is obtained by using
the integrater as an analog storage device. To observe a
complete chromatogram, the feedback current fo must always

exceed the input current.

In this case, the ratio of maximum to minimum

current is

i £Q
max _ _f g (4.3.4-23)

Inin Qe /7

unless the noise dominates. For a given observation time,
the frequency may be increased until limited by systematic
electronic errors or until the noise counting rate becomes
significant. The voltage noise limit may be extimated as

before. Equation (4.3.4-15), if multiplied by the feed-

back capacitance C,., provides a condition an the threshold

1 £
charge Q == Qe

1
%z

Q. > Cg V, /f(log zf;/i) (4.3.4-24)
kig

This condition may always be met by decreasing Cf, until the

voltage swing Qt/Qf exceeds the saturation voltage Vm of the
integrator

Qe < GV (4.3.4-25)

4.3-16



The maximum frequency is then the root of the equation

1/2
Vp = VpvE {log i ) (4.3.4-26)
: ZnN/—gl
and the dynamic range lmax/lmin the root of the equation
Z -1
Vv I /I .
= mv/T max’ min )
(Imax/lmin) N v log ——— (4.3.4-27)
n ZwN/S

For the example given earlier, the dynamic current range
is

17

(r /I ) = 2.7 x 10

max’ “min (4.3.4-28)
which is obviously not a realistic limit. For current
measurement, the dynamic range will be limited by drifts

due to imperfect correllation of baseline current as well

as by the random walk effect caused by shot noise input
current fluctuations. The latter effect limits the mini-

mum threshold, and hence the minimum feedback charge to

a value
Qe = 8YeIT , (4.3.4-29)

where B8 is a confidence factor of order 1 to 10 in magnitude,
so that the minimum detectable current determined by the

random drift rate

1. = 8/elT/T , (4.3.4-30)

For the example given earlier, with the additional assumption

that the baseline current is 10_10 A, the minimum detectable

4.3-17



current (for B = 5) is

16
I .. = 2x 10 A. (4.3.4-31)

This 1limit is for lower than that imposed by a constant
drift resulting from imperfect baseline compensation.
Compensation to 0.1% has been shown to be feasible. (4.3.2-1)
For the example given, the minimum detectable current is

thus 1071 A Qg = 2,Q, =

charge resolution of 2 x

Z’IT}H T) with a corresponding

10 C. The maximum detectable
current is determined by the maximum rate at which the

charge feedback network can be operated, which is of the

order of 1 MHz for 1% feedback accuracy. For the example
given (T = 102 s), the achievable dynamic range is 8 decades.
It follows, finally, that since the limiting error is the
error in dc baseline compensation, that the minimum detectable
current is the same as that of an electrometer, but range-

switching is not required.

4.4 Post-Digital Integration

The block diagram in Figure 4.4-1 shows one method of
post-digital integration. The signal from the amplifier 1s
fed into a voltage-to-frequency converter, which produces a
pulse-train with the pulse frequency propoftional to the
input voltage. The pulses are counted and stored for trans-
mission to the data system. Use of a conventional VCO would
require an additional bucking oscillator to produce a near-
zero count at the low-signal levels. For a VCO and oscillator
differential stability of 0.2%, the difference frequency could
be 20 Hz at the nominal 10 KHz VCO frequency. Assuming a ten-

second analysis time, this represents a nominal integration

(4.3.2-1) Loc. Cit.

4.4-1
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error of 200 counts. This same difference would exist

at the measurement threshold of each of the three ranges.
(Because of the wide dynamic range, it is not feasible

to scale switch the VCO frequency).

‘Assuming a full—écale voltage of 10 V, a two-second
triangular peak and a VCO frequency swing from 10 KHz to
20 KHz, 104 pulses would be produced, in which case the
error due to the offset would be negligible. However, a
2-s, 50-mV peak would produce about 50 pulses and the 20-
pulse differential frequency would represent a 40% error.
The inclusion of a threshold detector would prevent a count
accumulation until the peak arrives.

The data is read into one of three accumulators depending
on the electrometer range (Figure 4.4-1). A commutator directs
the output of the converter to the appropriate counter. The
data from the first range is gated into counter number 1. When
the electrometer range switches to the second range, the data
is gated into accumulator number 2 and is similarly gated for
range number three. The third counter could be eliminated by
resetting the first range accumulator when the electrometer
switches to range three. However, the major difficulty in
throwing away the range-one data is the large error that
would result for peaks just over the third range switching
level for peaks with long tails. The total count that can be
produced at the maximum-area peak on any of the three ranges
is greater than needed for required accuracy. Therefore a
floating point accumulator or some other device for compressing
the data should be used. Since there are various straightforward
ways of designing data compression circuits, they will not be

discussed in this report.




It should be mentioned that once the gas-handling
portion of the instrument is designed and tested, the
peak form factor will be known and should be relatively
predictable. In that event it may be feasible to appro-
ximate the area of the peak by using a threshold detector
to determine the base width and a peak crest detector to
‘ provide the peak height. Four separate pieces of data would
be required in addition to the range switching position.
Namely, the time of occurrence of the start and ending of
the peak and the time and peak height at the peak crest.
This method, however, suffers from the inaccuracy that would
be caused if a peak crest were lost in range switching. The
logic can be mechanized to indicate that the electrometer
range was changed but that a peak was not detected. In that
case, the peak retention time would be given as the time the
electrometer down-ranged. A more severe problem would be to
determine the peak height. Additional circuitry would be
required to sense the negative slope of the peak. In the
absence of a detected peak crest signal, the logic would
print out the height of the peak the moment it detected a
negative slope. This method requires more complex data
handling than would be the case with integrators that pro-
vide a single value for the integral. Its only value would

be in providing crude information on the peak form factor.

4.4-4



5.0 RANGE SWITCHING

Certain system cohfigurations, such as the linear
analog integrator described in Section 4.1, require scale-
factor changes to cover the wide dynamic range predicted
for this experiment. This ranging is usually accomplished
by sensing the output of the scaled device and adjusting
the scale factor such that the output remains within the

dynamic range of the device (see Ref. 5.0-1).

For a unipolar, monotonically increasing measurement,
such as 1s performed by integrating the output of the
hydrogen flame ionization detector, a simplified approach
to scaling would be used . In this application, the inte-
grator output is continuously and directly compared with
a reference, Figure 5.0-1. When the output exceeds the
reference, the integrator scale is changed to the next
less sensitive scale. If, after a suitable delay, the
output is still greater than the reference voltage, another
scale change is effected. This process continues until the
integrator output is within its dynamic range. After the
analog-to-digital converter has completed its conversion,
the integrator is reset to its most sensitive scale, and
all capacitors are discharged. The electrometer is then

prepared for the next measurement.

5.0-1 J.H. Marshall, "An Automatic Scale Factor Device for
Use with Spacecraft Electrometers,' JPL SPS 37-23

5.0-1
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6.0 DETECTOR QUIESCENT CURRENT COMPENSATION

Although the background current of the hydrogen flame
detector may be as large a 10_10 A, to take full advantage
of the detector's sensitivity, it is desirable to measure

changes as small as 10713

A superimposed on the quiescent or
background current. This requires that the quiescent current
be nulled out during the analysis. In addition, since tempera-
ture, pressure and system impurities can cause the background
current to vary, a variable bucking current must be provided
to null the current just prior to performing the actual

analysis.

In this report, three basic methods of zero compensation
are considered; namely, linear feedback with a low-pass
filter, gated capacitor storage, and gated digital feedback.
The first two systems have previously been reported. Although
both reports are included in the Appendix, a very brief des-

cription of each will be included here.

The linear feedback technique continuously supplies a com-
pensation current into the amplifier summing point. However,
the amplifier's time constant is long compared to the total time
in which the peaks appear. For this reason, the compensation
system can respond to the expected slow variations in baseline

current without nulling out the signal current.

The gated capacitor storage technique disconnects the
compensation loop during the analysis and supplies the com-
pensation current from a capacitor storage system. At the
end of the analysis, the loop is closed and the compensation
system continuously rezeros the electrometer until the start

of the next analysis.




6.1 Gated Digital Stabilization

A block diagram of the digital baseline stabilization is
shown in Figure 6.1-1. The current is supplied to the ampli-
fier summing point by a ten-bit D-to-A converter. The detec-
tor current is coarsely biased by means of Vb and Ry such that
the electrometer output is nominally zero at the center of the
converter ramp. The converter can thus adjust the variable

bucking current to within 2 x 10713

up to approximately 10710 4,

A of I, -1 for variations
D C

Assuming a clock rate of 10 Hz, each step would be 100 ms
wide. The time constant t = R; C = 1072 s, is 10% of the
voltage step width. Therefore, the output has 10 tv of settling
time before the input is stepped to a new voltage. The amount
the electrometer output lags the input baseline correction volt-
age 1s negligible. The initial buck-out time could be 100 s.
However, once the baseline is bucked out, the digital system
would differentially track the relatively slow background
current changes on subsequent corrections. Prior to the analy-
sis, the comparator will be disabled and the counter will main-
tain a fixed buck-out current until the comparator is again
enabled.

Although the digital system is a more complex circuit than
the two other previously mentioned techniques, the state-of-the-
art in integrated circuit technology is such that the circuit
could be built with very low power and relatively few discrete

components.

The comparator will be required to have a threshold of
about 10 mV, which is stable to within *5 mV. The clock stabil-
ity 1s not particularly important. Modular ladder networks can
be obtained that have 6utput accuracies better than 0.05% over

a temperature range of 100°C. A ten-bit ladder for the digital

6.1-1
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baseline compensation would require about 0.1% accuracy in

its most significant bit.

6.2 Conclusions

Although the exact.choice of compensation technique will
depend somewhat on such factors as the choice of associated
subsystems, the maximum detector current variation, the analy-
sis time, the detector noise spectrum and the expected temper-
ature range, the following general comments can be made about
the three techniques.

The linear feedback method is the simplest but has the
disadvantage of integrating the signal current during the
analysis. This will cause an error in the peak quantization
and the trailing edge of the peak wili undershoot. The pro-
blem, of course, becomes more severe as the peak width increases.

The gated capacitor storage technique is more complicated
than the linear feedback technique but will not cause under-
shoot following the peak since it supplies current from a
storage system during the analysis. As mentioned in the
Appendix, a system has been constructed which maintained the

_1? A for 30 minutes.

baseline current to within 10
The digital baseline technique offers a wide-range com-
pensation method with no variation in compensating current
during the analysis. However, it seems to offer no significant
advantage over the gated capacitor storage technique other than

a wider dynamic range.




7.0 ANALOG-TO-DIGITAL CONVERSION

Since analog data from scientific laboratory or space

" instruments are frequently processed by way of digital or
pulse-code modulation, the analog-to-digital conversion
becomes an important accuracy factor in the signal-processing
chain. This section discusses linear and logarithmic con-
verters and their appropriate uses.

7.1 Linear Conversion

The optimum use of linear conversion is in applications
where constant incremental accuracy is desirable. Illustrative
of these applications are positional measurements; restricted-
range measurements of analog signals, such as temperature trans-
ducer outputs; and pulse-height measurements. Some of the fre-

quently used types of converters are as follows:

1) Ramp Comparator (Figure 7.1-1). 1In this technique, a

precise, linear voltage ramp is compared against the
voltage to be converted. Pulses from a precision clock
are gated into a counter at the initiation of the ramp
until comparison equality has been achieved so that the

accumulated count is proportional to the voltage input.

2) Height-to-Time. This technique is similar to that of

the ramp comparison method. In this system, a voltage
proportional to the analog signal to be measured is
linearly run down to zero. Precision clock pulses are
gated into a counter between the start of run-down and
zero crossing. Height-to-time conversion is used for
short-term analog events where the use of series com-
mutation and time-consuming run-up comparison voltages

are impractical.
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3)

4)

5)

Voltage-to-Frequency Converter (Figure 7.1-2).

This technique utilizes an integrator driven from
the analog input voltage. After its output reaches
a fixed voltage, the integrator is reset and the
integration cycle repeats. The period of the inte-

gration is

By counting the number of cycles for a known time
interval, the unknown voltage can be determined.

This approach has merit where there is a relatively
long time (10 to 100 msec) available for the measure-

ment and when a precision time gate is available.

Staircase Comparator (Figure 7.1-3). This system

introduces gated clock pulses serially into a binary
counter. The binary number in the counter is D-to-A
converted so that each successive clock pulse produces
an equal-increment step-voltage output. This analog
voltage is compared against the analog input so that
when comparison equality has been achieved, the clock
pulses are gated off and the residual binary number in
the counter is proportional to the input voltage.

Binary Search. This system 1s similar to the staircase

comparison system except that it compares through suc-
cessive approximation. Instead of gating a pulse train

serially into the counter, this converter successively
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routes the search pulses from the most significant
counter stage to the least significant stage. The
D-to-A output is compared against the input, and if
comparison equality has not been reached, the counter
stage is set to "1'"; if comparison equality has been
exceeded, the counter stage is reset to '"0". For an
n-bit conversion, only n search pulses are required

to perform the complete A-to-D conversion. This sys-
tem, while more sophisticated and complex than the fore-

going systems, has a decided speed advantage.

There is a growing reluctance, where complicated space

systems are concerned, to transmit low-level analog signals

between the instrument and spacecraft data processor inter-

face. As a result, the comparison portion of the conversion

is often performed in the instrument so that the interface

data are in pulse form. Three currently used systems are as

follows:

1)

2)

3)

A-to-PW. In this system the analog signal is con-
verted to a pulse having a proportional width. Pre-
cision clock pulses are then gated into a counter

at the data processor for a duration equal to the

pulse width.

A-to-PPM. In this variation of A-to-PW conversion

the instrument transmits a short pulse when the linear
conversion is complete, the pulse position with respect
to a conversion initiation command being proportional
to the analog signal. The transmitted pulse gates off
the clock pulses to the counter.

Pulse Train. In this system, complete A-to-D con-

version is performed in the instrument except that

7.0-5




ADEIY

DL DON2 2LV

N\QKQW\QQ\\\Ow NWQQN\TKM.

APPSO DBITOFELY

.

\

-

e N

22Lr 0D

1

FPDELTOA
SoveIeIRy T

Y OLL IWVPLLY

S &Ll D07

€-17 32 RW\h\

Yo07D
(vorSiooy

O EWR T Iy

DOVLTOA
< uoy 1l 4

.0-6

7



the gated clock pulses are stored in a data-
processor counter, which can also be used for

other functions.

An important linear system parameter is the con-
verter resolution, or quantizing uncertainty, which is .

given by

Resolution = # ——199——-% of full scale.

2(2™-1)

In terms of other performance parameters, there is consi-
derable similarity between A-to-D converters and the signal-
processing electronics preceding the converter. For examples,

important figures of merit for converter systems are

1) Scale-factor stability (SF = volts per channel or

volts per digital number)
2) Offset stability
3) Differential linearity
4) Dynamic accuracy

7.2 Logarithmic Systems

Experimenters interested in wide-range quantitative
measurements are often desirous of maintaining substan-
tially constant accuracy over the entire dynamic range of
their measurements. The equation that describes a quanti-
zation interval that is a constant percentage of the level
being quantized is an exponential. The quantized output in

this system is a logarithmic function of the input.

7.2-1




7.2.1 Customary Data Requirements and Applications

In specifying A-D conversion requirements for
their measurements, many experimenters ask for quantization
accuracy based on desired resolution at threshold levels or
relatively small down-scale levels. The fact that linearly
converted up-scale measurements are consequently made at
excessive accuracies is generally a useless bonus and tragic
waste of data bits. 1In actual spacecraft applications, data
system design will involve several compromises between average
user requirements and system constraints, which include com-
munication bandwidth, weight, power, (etc.). These compromises
often confront an experimenter with a linear conversion system
having a fixed number of bits, in which case he must be recon-
ciled to relatively coarse resolution on down-scale measurements.
In the cases of experiments producing wide-range data, logarith-
mic A-D conversion provides an efficient and satisfactory method
of obtaining required resolution and stability over the entire

range.

7.2.2 Logarithmic Vs. Linear Quantization

Consider the quantization uncertainty produced by
an exponential comparison voltage over three decades for the
various bit conversions. shown in Table 7.2.2-1.

Quantizing Quantizing 3-Decade.
Bits Levels Levels/Decade Quantizing Uncertainty,$%
4 15 5 , +23 (Avergge)
5 31 10 t11.5
6 63 21 ' 't 5.7
7 127 42 + 3.0
8 255 85 ’ t 1.5
9 511 170 £ 0.75
10 1023 341 t 0.375

Table 7.2.2-1 Three-Decade Exponential Analog Quantization
Uncertainty.



Now consider Table 7.2.2-2, which describes the

quantization accuracy of linear conversions of the same bit

magnitude.

) y g 9
Bits st,o 0.1 Ve, % .01 Vegs® 001 V..,5%

4 3.3 33 --- ---

5 t1.6 16 ~ - ---

6 0.8 + 8 - -

7 0.4 t 4 40 ---

8 0.2 t 2 +20 -~-

9 0.1 t 1 £10 ---

10 + .05 t 0.5 £ 5 50

Table 7.2.2-2 Three-Decade Linear Quantization Uncertainty

(values are listed only where quantization
interval < absolute level of scale)

Note: st = Full-scale Voltage

The exponential quantization technique stands
out as a most flexible and accurate tool from the standpcint
of wide-range measurements. It also overcomes the objection
to automatic gain changes in instruments that produce sudden
conversion of a full-scale measurement to a down-scale measure-
ment upon automatic reduction of sensitivity. Quantization
uncertainty (or resolution) 1is virtually constant over the
entire scale for logarithmic conversion, unlike the huge linear-
system variations that are graphically illustrated in Table
7.2.2~2.

7.2.3 Basic Logarithmic System

The basic technique described here is one of
logarithmic height-to-time conversion. A linear input sig-
nal is compared against an exponential time-base:; this compari-

son produces a clock gate signal whose duration is proportional




to the logarithim of the input signal. Two configurations are

described here, both of which have similar linear counterparts.

These are

where

1)

2)

Exponential Run-Up. In this circuit, a positive-

exponential voltage, starting at a stable refer-
ence, is compared against the input voltage and
produces a suitable comparator output when it
exceeds the input voltage. A train of precision
clock pulses is gated into a counter between
start of run-up and comparison equality. The
flexibility in esfablishing instrument-data-
system interfaces should be the same as the

case of the corresponding linear converter. The
time (t) elapsed from the start of the run-up to
the point where it equals the input voltage
(VIN) is given by

t = 1 1n Vy/V (7.2-1)

REF

VREF = Reference voltage

Positive-exponential time-base generators are
practical devices that have demonstrated their
stability both thermally and temporally.

Exponential Run-Down. This system, sometimes

referred to as a logarithmic height-to-time con-
verter, requires the charging of an R-C circuit
to the input voltage. The éharging is then fol-
lowed by a negative-exponential run down to a
preset reference voltage. Once again the elapsed

time for the comparison is

t = 1t 1n VIN/VREF



7.2.4 Exponential Time-Base Generator

One approach toward the production of a stable
exponential waveform employs the exponential characteristic
of positive feedback amplifiers. The time-base generator
shown in'Figure 7.2.4-1 is a typical configuration. The
amplifier is direct coupled and used a matched differential
pair at the input. There are two external feedback loops;

a positive loop via Re and a negative loop via C. For this
analysis, the gain (A) is assumed infinitely large, and no

dc amplifier voltage offsets are considered. 1In this approxi-
mation, V1 and V2 must be equal.

When the clamp switch (an FET switch) is closed,
the negative feedback dominates and the output (VS) rests

stably at a voltage V When the switch is opened, the

initial current flowiigFin the R¢ divider (formerly supplied

by the switch) now starts charging the capacitor. The positive
feedback raises the level of Vl (and consequently VZ) and
thereby increases the charging rate of the capacitor so that
the output rises exponentially with time as soon as the clamp
switch is opened. For the component values shown in Figure

7.2.4-1, the output voltage (VS) is given by

2t/R,.C
Vi = Vppp © /Rg (7.2-2)

i

where t time after the clamp swith was opened.

For the infinite-gain approximation, all quantities
in Equation 7.2-2 are determined by reference voltages, resistors
and capacitors, and no critical dependence on semi-conductor

parameters 1s present.
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7.2.5 Conversion Stability

Since the logarithmic converter does not yet
enjoy wide usage, it seems worthwhile to mention stability
factors that make logarithmic conversion a practical tool.
Toward this end, the circuit of Figure 7.2.4-1 and its posi-

tive-exponential time base is used as a reference.

7.2.5.1 Time-Base Stability

Assuming infinite gain and zero delay

in its generator, the exponential time-base can be described

by

_ t/1
vV = VREF e .

The total differential is expressed as follows:

A et/T d /
_ REF t dr t/ )
dv = ! + e d VREF‘ (7.2-3)
The fractional error in voltage is given by
av/v. = - | t/x dt/t] + dVREF/VREF, (7.2-4)
or
dv/v = - | 1n V/VREF z dt/t| + dVREF/VREF.
B (7.2-5)

Considering a practical case in which a dual transistor com-
parator is used in the ramp generator, one could expect a

combined stability of 1.5 mV in reference voltage (VREF) and




time-base generator offset over a 100-°C temperature range.
This would contribute #0.75% absolute error over that tem-
perature range if VREF = 100 mV.

As another practical consideration,
assume a time-base dynamic range of 100 mV to 32 volts
(2.5 decades), which represents the range of an existing
flight converter. For V/VREF = 10, 100, 320, it is calcu-
lated that t/t = 2.3, 4.6, 5.75, respectively. Estimating
the time-constant instability at 0.4%/100°C, the instability
in the ramp voltage due to changes in 1 would be *0.46%,
£0.92% and '+1.15% at 1, 2 and 2.5 decades, respectively,
above VREF' Thermal control of critical elements such as
the feedback capacitor, comparator, and the reference element
will further enhance the stability of the time base.

7.2.5.2 Comparison Stability

When the discriminator is at its re-

generation condition, the summing-point voltage is given
by

V4 V3
—R-—-R + R_R = € (7.2'6)
z P 4 P
where
Ry = R3Ry/(Rg*Ry)

input voltage for regeneration

™
L

The change in input voltage, dV4, required to compensate for

a change in regeneration voltage, de, is as follows:

R, +R
av, = — 4 4., (7.2-7)




To establish error magnitude under representative conditions,
consider de to be approximately 1 mV over a 100-°C temperature

. . +
range and the multiplier value RS R4, tc be between one and two.

This would place the error, dV4,R4 between 1 and 2 mV.

7.2.5.3 Gating Stability

Errors introduced by system timing

inaccuracies are calculated as follows:

_ t/1 )
Vo= Vpgp © (7.2-8)
t/ 1
e
dv VREF T
av o ode
vV T

If one arbitrarily designates the 2.5-decade quantization
range as being analyzed in 1 msec, the time constant, t, would

be determined by

T = t = 10_3 =
TR(V/Vepp) - In 107.°

175 usec.

According to Equation 7.2-8, conversion errors due to rise and
fall times or other delays are allocated by multiplying per-
missible errors due to these causes by t. As an example, a
gate timing-error allocation of *0.5% would require gate
stability of +0.87 usec, which is well within the capabilities

of commercial transistors.

It has been the intent of this description
to convey the feasibility of logarithmic analog-to-digital con-
version in wide-range méasurements, Respectable accuracies can be
furnished at threshold levels of wide-range measurements, without

the correspondingly large data volume required of a linear system.




7.2.6 Other Scale Compression Methods

There are several other scale compression methods
which have been used to obtain down-scale accuracy without
excessive loss of bits on up-scale measurements. The appro-
aches generally are similar to one of the linear conversion
methods, but employ a positive feedback amplifier (Figure
7.2.6-1) to generate a precision exponential. Methods which
use the nonlinear characteristics of diodes or transistor
require careful selection and painstaking matching to obtain
reasonable accuracy.

The amplifier A shown in Figure 7.2.6-1 is a diff-

erential dc amplifier with positive feedback via R, and negative

2
feedback via C. For the following analysis, A will be assumed
infinitely large, and no dc amplifier voltage offsets will be

considered. In this approximation V1 and V2 must be equal.

When the switch (a field-effect transistor) is
closed, the positive feedback path is shorted out, and the
output (VS) rests stably at a voltage Vo' The output will rise
exponentially with time as soon as the clamp switch is opened.
For the component values shown in Figure 7.2.6-1, the output
voltage (V3) is given by

V3 = VO exp(Zt/RlC) (7.2.6-1)

where t = time after the switch was opened. For the infinite
gain approximation, all quantities in Equation 7.2.6-1 are
determined by stable voltage, resistors and capacitors, and no

critical dependence on semiconductor parameters is present.

By using combinations of positive feedback amplifiers,
types of compression characteristics can be obtained.

7.2-10
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8.0 DATA HANDLING

There are three fypes of data acquired from the instru-
ment. The primary data are the result of a given experiment.
The secondary data are the instrument status information re-
quired to reduce the scientific data. The third type of data
involves measurement of the environment in which the instru-

ment is operated.

In addition to the handlingof data, steps must be taken
to ensure that the data received are accurate and that the
operation of the subsystem is normal. This function is pro-
vided by calibration circuitry which stimulates the sensor,

The block diagram of the instrument data system is shown

in Figure 8.0-1

An analog interface between the instrument and the cap-
sule has been established because it provides the most noise-
free and efficient interface. The transfer of analog signals
between instruments and their data handling equipment can
result in pick-up due to random noise or unanticipated system
interactions. The former signal sources are due to electron
statistics and thermodynamics, while the latter effect is the
result of ground loop, electromagnetic interference and common-
mode problems. Since the output from a scientific instrument
generally covers a broad range, from minimum to full scale, it
is important that the low level data be as accurate as that
at high levels. The result of a noise signal pick-up of 10
millivolts at an output signal level of 50 millivolts is far
more deleterious than the same pick-up at an output signal
level of 4,000 millivolts.




3TINSdVYI

-0’ 3FdnN9oild r -0 K
_ W3ISAS V1v3 IN3IWNYL1SNI WYYOVIA XD018 TIVNOILINNS “
v1va _ .
40LOV4 3VIS = e € ¥31SI93Y 13IHS |=m— a5 | - v1vQ ¥OLOVY 3ITVIS
| _
VivQ AV3id = | 2 43151934 LAIHS (= © 1!
| ad W] viva H1Qim 357Nd
| 1p _
AQV3IY VivQ e 50 |—————— 3/ | 3P
| 84 © /s 1 + X X AP ‘ |
_ ul | _
_ NO-¥3MOd ° _
_ =~ _
Nt
e
_ -+ = ¥ Wi [ PO R UBN $-e 3NV SYD 43Z101XO
|A3 | ¥3AI18Q : NO-43IMOd ————s= 5 y3ziqixof |V
IATVA LSOVH X3 IAIVA 4/4 P _
| 1SNVH X3 —— NO-43IMOJ AO —e= \“_ 7 _
_ ] ..T — 4+
g ETE
=~ Ao —==_15 IAvA| | .
_ - “cvo = IATIVA SV ¥315AVD
_ NO-43MOd —g—== _. 331¥YVD |
s . "¥3AlHQ _
| [T ® === i/, =  §31V3H
ds —e= S w3 dH |
| IATVA + L mku NO-83M0Od = >0 o
| g 4 4 2 e | Y3990H1 —s» YOSN3S
IAIVA 31dNWVS IIWYS fet— 5 /4 4 NO-43IMOd @ 1 NOILINOI| IS |
IAS 1 93A1M0 | ~= |
: n : B |
AQV3Y 3dWY
5 I 49 - ® IL * NO-Y43MOd dS =8 3VOS| ERRA) _
_ SO ———== SO a* 19 12 3¥4d _
_ | _
I 3
Y31d WVYS | . & No-43MOd o E| ¥3MOd + L ’ |
3dv44dns .lul._nllw.mll SO @1 ¢ 7 .HH' u - .l.r-.llln!..l ) SO NO _”' AO _ 130 1N3¥8ND
XI4 LYW 31907 = R ANNOY9MIVY
| - 03A1303Y
_ " R + fo—s0 SW 314 WS WNWINIW
Viva ONIN] 1 === 71 1 431S193Y L4IHS jum- + —— NO Y3MOd |
| 5 NOd3MOd =T ™| _ow _as_ro_ so _
_ Ut §dS 2 A0 ; SO |
ONINIL d31S S 1S ¢ AQ 4 29
s | \EBRERE RN IR = 31v4917VD OV3Y
| H (g5 39NVHD 3IVDS LIGIHNI
INAS 118 —5 = %2070 =3 . 1SNrav ONINIL - X14 1YW 21907 7%= NOLLVYOILNI ILVNIWY3IL
, | Sy ¥313W0815313-135
_ ] w ‘ _lll'm,m ._ 8313W0¥LD3 13 -L3S3Y
I
SISATVNY | s . 9 LN38¥NO 3N17 3SVE Qv3Y
3719VYN3 =E == /1 = + = ] = 2 31vy811v)
_ ~=———8—— NO ¥43MOd =5 = [ 31vyginvd
|

W3 LSAS VIVG LNIWNYLSNI

!



Another important consideration is that the use of a
digital interface allows the experimenter to calibrate his
instrument completely. When an analog output is provided,
the experimenter must calibrate his instrument after it has
been integrated into the spacecraft or with the data-handl-
ing system. The calibration will then have to be performed
under the less than optimum conditions which usually prevail
after integration has been completed. These conditions are
the result of the environment in which the system is operated
and the equipment which must necessarily be connected to it
during testing. In addition the experimenter is dependent
upon the calibration stability of equipment not under his

control.

For these reasons the handling of data, except for that
related to temperature or power supply voltages, between this
instrument and its data handling equipment is accomplished

through the use of a digital interface.

8.1 Scientific Data

The scientific data are the result of the integration of
ionization current until the terminate-integration signal is
received from the logic matrix. For the case where direct lin-
ear integration has been performed, application of this signal
stops the integration process and activates a comparator, which
puts out a pulse whose width is proportional to the logarithm
of the total integrated-current. This control signal opens a
gate and allows clock pulses to enter the shift register. The
pulses accumulated during this period represent the digital

equivalent of the log of the integrated current.

The frequency of the clock input is dependent upon the
accuracy required from the instrument. The resolution is depen-
dent upon the number (n) of binary digits per sample and by
the type of converter used, linear or logarithmic.

8.1-1




8.2 Status Data

There are four types of status data required from this
instrument. They include:

a) baseline current,
b) feedback range,
c) operating mode, and

d) timing information.
Data types a) and b) are required for data reduction. The
other two data types are used to enhance the value of the data

received.

8.2.1 Baseline Current

The baseline-current output data are used as refer-
ence for the scientific data. These data are a measure of the
current flow generated by the ionization of the carrier gas
as it is consumed by the flame. This current is essentially
subtracted from the input by baseline-compensation circuitry
to eliminate its contribution to the integrated current. Sampl-
ing of the baseline current is controlled by the read baseline-
current command from the logic matrix. This function gates a
voltage proportional to the baseline current into the analog-
to-pulse-width converter. The pulse width output of the con-
verter allows clock pulses to enter the shift register. The
number of pulses accumulated in the register is proportional to
the pulse-width, which, in turn, is proportional to the analog
voltage. If a digital baseline stabilization system is used,
the status of the counter containing the digital data will be
sampled and transferred to a shift register for readout in the

manner indicated above.

A data-ready signal is sent to the data system immedi-

ately after termination of the pulse-width input. The data are

8.2-1




then transferred to the capsule data system by serial or
parallel readout.

These data may be transferred from the shift
register to the capsule data system by serial or parallel (bi-

level) readout.

8.2.2 Feedback Scale-Factor Data

The feedback scale-factor data indicate which
elements were in the feedback loop when integration of the
ionization current was terminated. When the terminate-inte-
gration signal is received, the digital level of the feedback
scale-factor lines are sampled and transferred to shift-regis-
ter 3 for readout by the capsule data system.

Data output can be either serial or parallel,

depending upon the requirements of the capsule data system.

8.2.3 Operating Mode

The operating mode data consists of one or more
bits in shift-register 1. In Figure 8.2-1 one input is used
to indicate that the system is either in the normal or quiescent
mode. Additional information such as

a) flame on/off,

b) wvalves open/closed,

c) calibrate 1, on/off,

d) calibrate 2, on/off, and
e) pyrolysis oven on/off

could be added to provide additional verification of proper

operation.



The use of one bit in shift-register 1 to indi-
cate the operating mode was based on the need to know whether
the system might have shut down prematurely due to ignition
failure. These data are transferred to the capsule data-

system with the timing data.

8.2.4 Timing Data

The timing data indicate the cycle period for one
complete experiment. The status of flip-flops in the timing
adjustment circuit are transferred to shift-register 1 and
sampled periodically by the capsule data—systemf Transfer can

be accomplished either serially or in parallel.

8.3 Environmental Data

The only environmental data normally required are the
temperatures of the instrument. This measurement will probably
be made in the analog portion of the electronics since they
are generally more susceptible to temperature variations than

the digital electronics.

These data are generally acquired and processed by the
capsule data system, independent of the operation of the instru-

ment.

8.4 Calibration

A two-point system calibration is provided by calibrate
commands 1 and 2 from the logic matrix in the programmer. If
only one point is used to calibrate the system, non-linearities
on either side of the calibration point may produce data which
are abnormal. However, if two points are used, the general
shape of the electronics response curve can be verified. Single
point calibrations do not simultaneously distinguish between
changes in offset, scale factor, and linearit

8.2-3




To provide two-point cdlibration, the calibrate commands
gate a current pulse of controlled magnitude and duration into
a capacitor. This charge is transferred to the electronics
input in parallel with the detector. The result is an output
proportionél to the charge. Calibrate-1 results in an output
on the lowest scale of the electrometer. Calibrate-2 results
in an output from the sensor electronics at the maximum level
expected as a result of the detection of organic material.

The read-calibrate command gates these data into the
analog-to-pulse-width converter. The output of the converter
is handled in the same manner as scientific data.



9.0 INSTRUMENT PROGRAMMER

The instrument programmer provides the basic timing
required for proper operation. This primarily involves the
electronic and electromechanical sequencing of sample acqui-
sition, flame ignition, valve actuation and oven operation.
In addition, the programmer sends commands tothe sensor elec-
tronics to ensure operation in synchronism with the subsystem
and the landed capsule. The programmer also contains a mech-
anism to shut-down operation in the event that the flame does
not ignite. It also provides a sample recycle mode in the
event that the initial sample provided to the pyrolysis oven

is inadequate.

A block diagram of the instrument data system is shown

in Figure 8.0-1.

9.1 Timing Circuitry

The electronic sequencing is initiated by the application
of an enable-analysis command from the spacecraft data system
to the reset flip-flop. This allows the clock output to enter
the timing-adjustment circuitry. Nominal timing is established
by application of power to the drcuit. An input to the timing-
adjustment circuit changes the nominal period by a given amount
and, in addition, resets the clock input to the timing adjust-
ment circuitry. Each subsequent input results in a change in
the timing circuitry until the period passes through its max-
imum and minimum values to return to the nominal setting. The
time period used in the analysis is read-out to telemetry
immediately preceeding each set of analysis data. Transfer
of these data can be accomplished in parallel (bi-level) or
they can be shifted-out serially to the landed-capsule data-
system.
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An enable-analysis command must be sent after each tim-

ing adjustment.

9.2 Logic Matrix

The logic matrix provides all of the sequencing necessary
to perform an analysis. Its input from the timing-adjustment
circuitry provides all the timing functions necessary to pro-
perly initiate and control the opening and closing of valves,

electrometer operation and data handling. Thisincludes the

following:
Signal Designation
a) Open valves oV
b) Open sample entrance valve 0S
c) Close sample entrance 0S
d) Start igniter trigger ov
e) Reset electrometer ' RE
f) Set electrometer RE
g) Start pyrolysis oven SP
h) Data ready DR
i) De-energize pyrolysis oven SP
j) Close carrier gas valve ov
k) Terminate integration TI
1) Inhibit scale changes SP
m) Read baseline current RB
n) Calibrate 1 : C1
o) Calibrate 2 C2
p) Return to quiescent mode RQ
q) Read calibrate RC

Signals e), f), k), 1), m), n) and o) are used to control

the operation of the electrometer. The functions of these
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signals are discussed in the sections of this report relating
to the electrometer or automatic scale factor circuitry. The
remalning signals are covered in other subsections of this

section.

9.3 Electromechanical Sequencing

The carrier, oxidizer and exhaust valves are controlled
by the logic-matrix output. The open-valves signal output is
sent to the carrier- and oxidizer-gas valves through a gate and
flip-flop. Reset of the flip-flop is accomplished by the power-
on reset signal and the outputs from the gas-valve drivers.
The outputs of the gas-valve drivers are sent to the exhaust
valve through a gate, flip-flop and driver. The delay between
the opening of the gas valves and the exhaust valve allows the
system to pressurize before being vented to the Martian atmos-
phere. This ensures a minimum possibility of contamination

entering the system from outside the capsule.

The valves are closed a fixed time after the end of the
data accumulation-period. This allows the system to be flushed
before the valves are closed and the flame extinguished. In
the event that the flame does not ignite, the valves are closed
when the output from the divide-by-five counter enables an out-
put from the logic matrix to the input gate of the flip-flop
and valve drivers. Closing of these valves also results 1in

the exhaust valve being closed.

9.4 Flame Ignition

The flame ignition trigger is activated by the open-valves
signal. The trigger input consists of clock pulses which are
prescaled and transferred to the input through a gate. This
gate is enabled by the open carrier-gas-valve command and in-
hibited by the power-on reset, a divide-by-five counter and
the background-current detector.
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‘The divide-by-five counter output provides an inhibit
to the gate after 32 prescaled clock-pulses have been accumu-
lated. This ensures that, if the flame fails to ignite, the
ignition trigger will not continuously pulse the igniter. The
counter cannot accumulate 32 prescaled clock-pulses if the
baseline-stabilization circuitry detects a quiescent back-
ground-current, which is due to the small amount of carrier-
gas ionization. In addition, failure of the flame to ignite
causes the system to return to the quiescent mode. The return
of the system to the quiescent mode is indicated by the change-

of state of one bit in shift-register 1.

9.5 Sample Acquisition

The spacecraft provides both the analysis enable—signal
and the sample for analysis. A signal is also required from
the spacecraft to indicate that a sample has been collected
and is ready to be injected into the pyrolysis oven. Receipt
of this signal enables the sample-entrance valve through the
sample-valve driver-circuit. The sample-ready signal is com-
bined with open sample-entrance valve signal and then sent
through the "or" gate to a flip-flop, which triggers the sample-
valve driver. This flip-flop is inhibited (reset) during
power turn-on to prevent the sample-valve driver from operating.
An output from the sample-valve driver is fed back to reset the

flip-flop after each operation,

The complement of the open sample-entrance-valve signal
is applied to the '"or'" gate, a preset period after the sample
valve is opened, triggering the flip-flop and enabling the
sample-valve driver circuitry. This closes the valve and

causes the flip-flop to be reset.
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The additional input to the '"or'" gate driving the flip-
flop is operated in conjunction with the pyrolysis oven. If
the sample injected into the oven is above a minimum size, an
output from the oven circuitry will inhibit the clock pulses
being sent to the divide-by-n counter. If the signal to
inhibit the gate is not received because the sample is below
the acceptable minimum, the output of the divide-by-n counter
will trigger the sample valve. The value of "n'" will be esta-
blished when the sampling requirements are finalized. In any
case, it will result in an output after the close sample-

valve signal has been received.

An output from the divide-by-n counter is also sent to
the logic matrix to cause it to issue a close sample-valve sig-
nal a fixed period after the divide-by-n output is received.
This will ensure that the entrance to the pyrolysis oven is

closed during system operation.

If an adequate sample is not received on the second try,
an output is sent to the surface sampler to tell it to acquire
more material. The sample-ready line drops to a '"zero" level,
and the instrument cycles until the ssmple acquisition is suc-
cessful. Reapplication of the sample ready signal (at a '"'one"
level) also activates the enable analysis signal line, causing
the timing-adjust circuitry to be set and initiating a new

analysis cycle.

9.6 Pyrolysis Oven Operation

The operation of the pyrolysis oven is controlled by the
logic matrix. The second output from the sample valve-driver
circuit sets the level at the input gate so that the start
pyrolysis-oven function can activate the heater. The period

between the start pyrolysis-oven signal and the second output
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of the sample valve-driver is such that the heater power appli-
cation will be inhibited if the sample received is below the
minimum acceptable level. If an acceptable sample is received,
a signal is sent to the gate at the input of the divide-by-n

counter, inhibiting it.

The heater is operated until the terminate-integration
signal is received. This signal resets the heater flip-flop
driver. The continuing flow of carrier gas through the system
purges it of the gaseous material left in the oven.
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10.0 THE DESIGN OF A FLAME IONIZATION DETECTOR FOR USE ON
OTHER PLANETS

The FID is among the best of devices for measuring the

concentration of volatile carbon compounds in a convenient
-12

inert carrier gas. Its detection limit is low, 10 gms
sec_l. It can be constructed with a linear dynamic range of
6

10° and has a response to different carbon compounds which
is well established and consistent over a wide range of oper-
ating conditions. The complete insensitivity of the FID to
the fixed gases and to water vapor is a great convenience and
makes the detection of traces of organic compounds in an excess
of these other gases easy.

Its drawbacks are a poor ionization efficiency (10-5)
so that for high sensitivity an electrometer amplifier is man-
datory, and the fact that three gas supplies are necessary;

carrier gas, hydrogen and air or oxygen.

At first sight it would seem that this queen of detec-
tors would be the one choice for the reliable analysis of
volatile carbon compounds in planetary exploration experiments.
The adaptation of this detector to an extraterrestrial environ-
ment is unfortunately a comparatively difficult although an
interesting and challenging problem. This section describes
such an adaptation and the means by which the various environ-
mental problems were met. Also described are the construction
and circuit connections of an experimental FID for planetary
probe use and the results of its performance under simulated

alien conditions.
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10.1 The Problem

On Earth a flame ionization detector can operate with
air at atmospheric pressure as the oxidizer and under condi-
tions where the exhaust products vent freely to the atmosphere.
A generous excess of air over that required for combustion of
the hydrogen is easily available and is usually 20 times the
volume flow of hydrogen. This excess flow serves to support
efficient combustion and detectivity and also to carry away

the water formed during combustion.

Earth is unique in its oxygen-containing atmosphere.
Consequently, for other planets the scavenging and combustion
supporting properties of air flowmust be replaced by a supply
of pure oxygen. It would be tempting to consider mixing oxy-
gen with the planetary atmosphere so that the scavenging func-
tion at least could be supplied locally. This is not possible,
however, for two reasons: (1) It is probable that detectable
gases (eg. CH4) exist on other planets; (2) The atmospheric
pressure of Mars, for example, is far too low for efficient

operation.

It is therefore necessary to design an enclosed detector
with its own oxygen supply and, as will be shown later, with an
internal pressure in the region of 1000 mbl These design con-
straints require a detector construction different from that
which would be suitable on Earth. The various problems aris-

ing from these constraints are now considered in sequence.

(1) Insulation: The heat of combustion and the generous

flow of air in an FID on Earth maintain the internal
relative humidity at a low value, so that water
condensation on the insulator surfaces is rarely a

problem. Temporary failure immediately after
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(2)

ignition and before the detector has warmed up,
although avoidable, is regrettably common in
many commercial detectors. For the planetary
problem this is intolerable; yet due to the high

internal humidity more likely.

This problem has been solved in the design shown

in Figure 10.1-1 by ensuring that the water exhaust
from the flame never encounters the insulator sur-

faces. Furthermore, the only internal exposure of

the insulator is at the oxygen entry port. This

gas 1s intentionally dry and continuously scavenges
the insulator surface.

Oxygen Requirement: The FID gives the highest detec-

tivity with a diffusion flame seated on a jet. Such
a flame requires a flow of oxygen at least twice the
stoichiometric amount for stability and efficient
operation. The most economical use of oxygen occurs
when the flame burns in a narrow chimney so that
there is the highest possible linear flow rate of
oxygen consistent with keeping the flame away from
the walls of the chimney. (See Figure 10.1-1) By
good fortune this requirement is consistent with the
most efficient collection of ions and hence the
largest possible dynamic range. It also enables the
detector to function in any orientation and probably
at zero gravity.

The ionization efficiency of the detector in Fig-
ure 10.1-1 does not greatly improve at oxygen flow
rates above four times stoichiometric. Two times

the stoichiometric value produced approximately
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(3)

)

(5)

(6)

50% of the maximum efficiency. An oxygen flow
rate of three to four times the stoichiometric

value is recommended.

Internal Pressure: Figure 10.1-2 shows the varia-

tion of detector efficiency with pressure. The
variation is linear down to 50 mb, the lowest

value tried. The exact choice of internal pressure

is an arbitrary one, but in the interests of effi-
ciency should be in the region of 1000 mb. This
internal pressure is easily maintained by means of
throttles on the inlet and exhaust gas. These

could conveniently be capillary tube flowrestrictions.
Such a procedure was used in the experimental trials
of the detector with good results.

Heat Production: Under normal conditions an FID

generates 20 watts of waste heat. The design in
Figure 10.1-1 was chosen by trial and error as the
smallest in which this heat production would not
cause, at maximum hydrogen flow (40 ml/min. NTP)
and exposed in air at 20°C, a rise of insulator
temperature above 150°C.

In packaging for instrument use, a careful evalua-
tion of possible temperature limits under specified

environmental conditions is essential.

Hydrogen Flow: The detector can be operated at

hydrogen flows between 10 and 40 ml/min. NTP.
20 ml/min. is recommended.

Electrical Connections: The complete enclosure of the

detector makes the introduction of lead-in connections
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(7)

to the collector electrode, jet and ignitor dif-
ficult and an undesirable source of leakage, gas
and electrical. '

The detector was therefore designed with an outer

case and jet at ground potential and with the col-
lector and ignitor as a single continuous metal
construction insulated at a single point. (See
Figure 10,1-1) Such a construction, which is
robust and reliable, is made possible by including
the ignitor and polarizing potential supplies in
the electrometer input lead. Both the ignitor and
polarizing supplies are fed to this lead through
PTFE insulated transformers with air cores operat-
ing at any convenient frequency between 1 and

10 MHz.

Ignition and Ignition Indication: Ignition is by

means of a heated platinum wire which also serves
as a resistance thermometer indicating whether the

flame is or is not 1lit,

So far ignition under enclosed conditions has proved

to be the only intractable problem.

The pressure pulse, as the HZOZ mixture in the detec-
tor explodes, forces the oxygen and exhaust steanm
back into the jet thereby displacing the hydrogen
flow. Instead of smooth ignition the detector goes
into a mode of relaxation explosions. These hard
starts remind one of the similar but grander pro-

blems of the "Centaur" motor.
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The explosion mode is not invariable and is less
likely to occur at high oxygen flows. Further
study is required before the detector can be con-
sidered completely finished and ready for planetary

use.

(8) Performance: Figure 10.1-3 shows a chromatogram

made with the detector operating at 510 mm pressure
and with a flow rate of hydrogen of 225 ml/min.
NTP and oxygen 50 ml/min. NTP. Under the conditions

the noise level was 10 12 amperes* (0-1 Hz band pass)

and mostly attributable to small pressure fluctuations.

10

The background current was 4 x 10 amperes which

is rather high and may have been due to trace con-

tamination of the oxygen supply. The ionization

6 to 107°,

efficiency is in the expected range of 10

10.2 General Comments

There seem to be no insuperable problems preventing the
design of an efficient FID for planetary use. The ignition
problem has several possible routes to its solution, such as

optimization of Hydrogen and Oxygen ratios.

We would recommend for planetary use the consideration
of alternate detectors (eg. photoionization) so that the
most efficient and least costly device, in terms of weight and

power, is used.

* Much of the noise is believed to come from the laboratory
equipment used for the detector tests.
10.1-7
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11.0 RECOMMENDED SYSTEM

A1l techniques studied in this program are described
in prior sections of this report, and in those sections deal-
ing with systems felt to be clearly inadequate, explicit con-
clusions have been stated. After discarding several other
techniques, or combinations of techniques, as being obviously
inferior, a choice was made between two truly competitive
systems, each having special advantages. The system which
has been selected and described in subsections 11.1 and 11.2

contains the following two prominent and overriding features:
1) Automatic ranging is not required.

2) Analog-to-digital conversion is performed within the

current-measuring feedback loop.

This system and its associated advantages are now described

in detail.

11.1 Recommended Signal-Processing System

The analysis of electrometers and electrometer systems
presented in the previous sections leads to a definite conclu-
12

A at

room temperature are acceptable for systems operating on the

sion: If input leakage currents of the order of 10

Martian surface, where the daily temperature rarely reaches
20°C, then the digital integrating electrometer analyzed in
Section 4.3 is the most desirable choice, because it possesses
7 or 8 decades of dynamic range without range switching The
digitai output of the device may be counted by a straight bi-
nary counter (8 decades = 27 bits), a decimal counter, or may
be digitally compressed, for example, by use of a logarithmic
counter.
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The same device, using commercial parts and without
spaceworthy packaging, should be used as a laboratory electro-
meter, since there is no point in designing two different kinds
of systems. Digital readout and control mechanization will of

course be different for the laboratory instrument.

A block diagram of the complete electrometer section is
shown in Figure 11.1-1. The system is the same as that shown
in Figure 4.3-1, except that the postamplifier will probably

not be required.

The baseline stabilization may be performed by analog
methods as described, for example, in Reference 4.3.2-1. Alter-
natively, one may use the digital method shown in the figure,
which has the advantage that there is no decay of the correction
during the period of observation. Also, the output of the instru-
ment is inherently digital, so that digital baseline stabiliza-
tion and its special advantages can be achieved more simply

than the digital stabilizing system discussed in Section 6.0.

In the technique illustrated in Figure 4.3-1, the base-
line is stabilized by allowing the instrument to count for a
short time. The accumulated count is proportional to the
drift. A baseline current correction, with resolution compar-
able to the minimum feedback current, is applied by using a
digital-to-analog converter to apply a stable voltage to the
large-value resistor. It may be shown that the counting rate
produced by the initial drift will decay exponentially to

Z€Tro.

The ratemeter and recorder shown provide an output pro-

portional to current for making chromatographs suitable for
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conventional graphical presentation. The ratemeter may be

linear with manual range switching, or logarithmic.

The system shown provides only one size of feedback
charge and baseline correction, under the assumption that the
detector baseline current will greatly exceed amplifier and
switch leakages. If this assumption proves to be unjustified,
both sizes of feedback may be used without a prohibitive in-
crease in complexity.

Typical system parameters are listed in Table 11.1-1.

It should be emphasized that this almost entirely digi-
tal system is made practical by modern integrated-circuit tech-
nology. By the time the opportunity to land such an instru-
ment on the surface of Mars presents itself, this technology
will have advanced to the point where most of the system com-
ponents will be packaged in only a few integrated units. Cus-
tom integrated circuit design will have advanced to the point
where specialized devices can be made well within the budgetary
confines of a single experiment. Finally, field-effect tran-
sistor technology, particularly that of low-noise insulated
gate devices, while adequate for the proposed system, should
have advanced to such a point that the dominant system errors
will be produced entirely by the detector. A laboratory instru-
ment, using presently available commercial components, may
now be designed and built after which flight-type designs of

similar configurations could be produced.
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Maximum Input Charge 10 C
Minimum Input Charge 10712 ¢
Maximum Signal Current 10°% A
Minimum Signal Current 10713 4
Observing Time 10% s
Integrator Saturation Voltage 10 vV
Discriminator Threshold 0.1V
Baseline Current ~ <107 4
Residual Baseline Current 10714 4
(after correction)
Threshold Charge 10712 ¢
Feedback Charge (resolution) 2 x 10712 ¢
Feedback Capacity (Qt/Vt) 10 pF
Reference Voltage 0.1V
Reference Voltage Stability (100°C) ~1 mV
Charge Pulser Capacitor 20 pF
Feedback Frequency 100 KHz

Accuracy 5%

Table 11.1-1

Typical System Parameters Recommended for Electrometer
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11.2 Laboratory Programmer and Data Handling System

A laboratory instrument-programmer would retain many
of the functions included in the flight-instrument design.

Included are:

a) commands to the electronics,
b) timing adjustment,

c¢) <clock data handling,

d) ignition trigger, and

e) heater driver.

The functions of these commands would be identical to those

of the flight instrument.

The inputs normally received by the flighf instruments
from the capsule would be replaced by alternate mechanizations.
For example, the step-timing command could be a momentary-
contact switch suitably buffered from the timing adjustment
circuitry to preclude false triggering due to contact bounce.
This same mechanization could also be used for the enable-
analysis command. Bit-sync input could be eliminated since
the instrument clock is not required to operate in synchronism

with any other piece of equipment.

Shift-register 1 would be replaced by a set of lights to
indicate the particular timing sequence and the operating mode
of the instrument. In addition, a printer output could be
added to provide a permanent data record of the timing of a

given experiment.

The command séquence would be indicated by lights., Each

time a command was issued, a lamp would light, indicating that

a command had been sent and indicating progression of sequencing.

The data-handling mechanization would be identical to
that used in the flight instrument except that the data-ready

signal would activate a printer. The data would be sampled
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and recorded by the printer upon receipt of this signal. The
sequence used in printing the data would be

a) mode and timing adjustment,

b) calibrate 1, |

c) calibrate 2,

d) scientific data, and

e) scale-factor information, if required.

This would ensure that all data logged are correlated. An
additional option could be provided to indicate the date
and time of experiment initiation, if desired.

Leaving the igniter and heater controls in the laboratory
instrument would allow more precise control over timing of
these functions than could be achieved using manual techniques.
Since the timing of the experiment is dependent upon flame
ignition and connection of the background or baseline current,
it is essential that both ignition and heater-power application
be closely controlled. The timing adjustment circuitry
primarily controls the period following the connection of
baseline current, the application of power to the pyrolysis
oven and the termination of integration. The interval between
each of these operations can be controlled individually to

give the widest possible flexibility to experimental operation.

11.2-2



3.1.1-1

4.3.2-1

4.3.2-2

4.3.2-3

References

J. H. Marshall, JPL Space Program Summary 37-14,
Vol. VI, pp 38-40.

H. Z. Reed, Status Report on Physics Branch Low
Current Detector Program, Report No. X-623-65-391,
Goddard Space Flight Center, Greenbelt, Maryland,
1965.

E. J. Kennedy, "Gate Leakage Current in MOS Field
Effect Transistors," Proceedlngs of IEEE, p 109A,
August, 1966.

R. A. Emerling, J. H. Mullins, J. Van Putten,

J. 0. Malloy, and H. G. Bartholomew, '"Rocket Gamma
Scattering of Nuclear Bursts," IEEE Transactions on
Nuclear Science, Vol. NS-13, No 1, p 569, February,
1966.

R. D. Middlebrook, Differential Amplifiers, John
Wiley & Sons, New York, 1963.

C. S. Josias and J. L. Lawrence, Jr., "An Electro-
meter for Use in Scientific Space Instruyments,"
IEEE Transactions on Nuclear Science,.October, 1966.

ATC Staff, "Final Report on the Gemini Plasma Wake
Instrument Development Program,' prepared for
Electro-Optical Systems, Inc., 1 January 1966,

J. E. Lovelock, "Electron Absorption Detectors and
the Technique for Use in Quantitative and Qualltatlve
Analysis. by Gas Chromatography,'" Anal. Chem., Vol. 35,
No. 4, p 474, April, 1963.

J. H. Marshall, "A Capacitor Storage Scheme for Gas
Chromatograph Detector Quiescent Current Compensation,'
JPL Space Program Summary No. 37-24, Vol. IV, 213,
Dec. 1963.

ATC Staff, "An Experimenter's Handbook for Space .
Instrument Design,'" Sections 3.1 and 3.7, 7/29/66.

T. M. Harrington, J. H. Marshall, "A Pulse-Height
Analyzer for Charge Particle Spectroscopy on the
Lunar Surface." 1In Press.

S. Chandrasekhar, Stockastic Problems 'in. Physics and

Astronomy, Rev. Mod. Phys. 15, 1943,




4.3.4-2 S. 0. Rice, '"Bell Systems Technical Journal," 23,
(1944); 25, 46 (1945).

4,3.4-3 M. Kac, American Journal of Mathematics, L X V,
609 (1943).

5.0-1 J. H. Marshall, "An Automatic Scale Factor Device

for Use with Spacecraft Electrometers," JPL Space
Program Summary 37-23, Vol. IV, 245, Oct. 1963.

ii



Appendix I

Gas Chromatograph Instrumentation Development




JPL SPACE PROGRAMS SUMMARY NO. 37-20

0 {5 ¢
R4 »
R3 : RS
RI 100K 47K 75K
100K
R6 5—@ Q4
} 90.9K 2N930
R7 R8 a5 I
IK 10K CR2
o1 o ' NZ%%MSQA & 2N930 | .
Cl 10ut,20 ’
FPOSTAMPLIFIER | ey b 'Ngg‘% Ro |4 crs Too?
2N2185 1 047 uf
? {OK CD4246 K
° -0 COMMON
27 _C=3+
R27 | R29
17.8K § 100pt, 20 juk.
RIO |
» _ 100K Q8 Ri2 RIS
RI4 | R26 RII 2N930 3 oo 100K ! e
I5K$ 150K$ 25K 3, RIS ¢ '
$ } , 33.2K
36K CR4
R2 2 CR7 :
N S ' ING59A
RI7§  3RI8 CR5
SN CD4246
a5 cal, 3§3§J Q7 2N930 ) 0 N
5 i L o
2N930 33puf R24 R25 c7 FROM ,
w X S5 100K SWITCH DRIVER
5.K 2220'( WY i ¢ =ce
CRE Traz |Re2 30K T it
ING5SA 10K R23 oK
° ——0-{§ v

Fig. 51. Microwave radiometer phase shift circuit, demodulator, and DC integrator amplifier

Because of the high over-all gains involved (approxi-
mately 107), gain tests for the entire post-RF electronics
are not feasible due to pickup problems, but gain varia-
tions should be approximately the sum of the gain
changes (measured in db) of the preamplifier and the
remainder of the system. The over-all gain variations
determined by this method are +0.3 db and —0.45 db.
This is within the required =0.5.db. The worst-case
~ phase shift as calculated by assuming all variations in the
same direction produces a total phase variation of about
=+6 deg, well within the requirement of =10 deg.

Preliminary tests on the crystal show that besides im-
pedance variations, the sensitivity varies about 20% as
well. A large sensitivity change makes it difficult to
determine if the post-RF electronics maintains the proper
gain stability when the crystal is included in the system.
Phase stability, noise and pickup interference, and output
DC drift, however, can be determined independent of
detector parameter variations.

The results obtained thus far show that the post-RF
electronics will meet all the design requirements. It is

felt, as a result, that a basic improvement has been
achieved for this system in stability of gain, phase, DC
operating points and over-all circuit reliability.

N. Gas Chromatograph
Instrumentation
Development

This report describes those aspects of instrument tech-
nology developed recently that will be applicable in
future flight-type gas chromatographs for analysis of
planetary atmospheric composition and biological organ-
ics. The principal subjects discussed here are as follows:

* (1) laboratory chromatograph, (2) calibration of cross-

section detector, (3) linear-logarithmic electrometer,
{(4) linear automatic scale changing electrometer, and
(5) automatic baseline compensation.
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1. Laboratory Chromatograph

The chromatograph (Fig. 52) consists of a valve that
injects a sample into cach of two parallel columns. A
capillary restrictor in series with one column delays its
output to the detector till the other cclumn has completed
its separations. The system uses a cross-section detector
with helium as the carrier gas, and the output current is
measured with a modified Mariner 1962 Solar Plasma Ana-
lyzer clectrometer (Fig. 53). The output of the elec-
trometer is fed into wave-shaping circuits and from there
into a one-shot multivibrator. The multivibrator triggers
a printer that records the retention time and peak ampli-
tude of the electrometer output. In a flight instrument
application, however, more serious thought would be
given to a measurement of the area under the chromato-
gram peak rather than its amplitude in anticipation of
providing more reliable quantitative information.

The principal changes made to the Mariner electrom-
eter were the addition of a 10' ohm resistor in the pri-
mary feedback (Fig. 53) and reduction of secondary
feedback for currents below 10-° a, The resistor was
added to permit the electrometer to be forced to zero by
the self-zeroing system. The 10" ohm value was deter-
mined by considerations described later in this section
(3. Baseline Compensation). The sccondary feedback
modification improved the response of the electrometer
to the low currents. The voltage-current characteristic for
the combined logarithmic-resistive feedback electrometer
is shown in Fig. 54.

2. Calibration of Cross-Section Defecfor

Good quantitative information as well as qualitative
data on the separated gases requires that both the detec-
tor and eclectrometer amplifier be calibrated. The detector
calibration (Fig. 55), as reccommended by Dr. J. Lovelock
(Ref. 32) of the Baylor Medical School, was accomplished
as follows: With the carrier gas flow rate precisely known
and controlled, the background current I; was nulled to
about 10-'* amp. The carrier gas was then disconnected,
and the test gas (in this case N,) was allowed to flow
through the detector for about 2 min. This is necessary
to ensure that the dilution vessel (Fig. 53) contains only
the pure test substance. The test gas source is then re-
placed by the carrier gas source by means of a three-way
valve. The carrier gas then begins to combine with the
test gas in the dilution chamber. The two gases may be
considered a homogeneous mixture since they are con-
stantly being agitated by a magncetic stirrer. The per-
centage test gas in the resulting output from the dilution
vessel will decay at an exponential rate. This decay, as
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measured by the clectrometer amplifier, is plotted on a
recorder (Fig. 56) which provides the detector calibration.
The clectrometer calibration is then accomplished by
injecting precisely known currents into the summing
point and recording the corresponding output voltage.

The calibration curve provided by the recorder may
now be plotted, with the correction provided by the
clectrometer calibration, on semilog paper (Fig. 57). The
non-linearity observable at the higher concentrations was
due to the absorption of some of the lower energy par-
ticles by the test gas. The use of a higher energy source,
which would be the case in a flight instrument applica-
tion, would eliminate this problem.

The calibration procedure consists of correlating the
concentration and current decay equations which are
given by

C=C,ett (1)
and ‘
= Le™ )

where C, is the initial concentration (100%), u the flow
rate, ¢ the dilution vessel volume, and I the output cur-
rent of the detector. Where the detector characteristic is
initially non-linear, the current I, must be obtained by a
straight-line extrapolation of the semilog plot to the inter-
cept of the ordinate (t = 0). The proportionality between
concentration and current on the linear portion of the
detector characteristic may then be written

C _1

C, I’
The measured slope

m = 2.303 (logi, — logis)
. tz - tl
and the theoretical slope u/v can be compared to deter-
mine the accuracy of the measurement.

3. Baseline Compensation

a. Introduction. Most sensitive ijonization detectors
used with gas chromatographs possess a quiescent cur-
rent large compared to the currents produced by eluted
samples. Since this quiescent current is dependent on
temperature, pressure, and ionization sousce intensity,
the current cannot be assumed to remain fixed over long
periods of time. Therefore, measurement of small con-
centrations of gas by a planetary-type instrument, after
the long period of transit to the planet, requires auto-
matjc baseline compensation,
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The block diagram of a linear automatic system built
and currently in operation at JPL is shown in Fig. 58.
This approach is similar to one suggested in a study
program for a Martian atmospheric gas chromatograph
(Ref. 33). An clectrometer amplifier (A,) with a feedback
resistor, R;,, measures the current entering the summing
point (P). If A, is sufficiently large that the summing
point can be approximated as a virtual ground, then

Vwﬁ=~RhGW+g+!g. (1)
: Ry

The zero compensating technique consists of adjusting i.
by means of feedback so that when only carrier gas flows
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in the detector the electrometer output voltage approaches
zero. Thus:

u=—{b+%§ (2

where 1, is the quiescent detector current.

In constructing such a system, several points must be
considered. First, the maximum value of i, which is re-
quired determines the dynamic range of the zero com-
pensating system. Second, the accuracy to which the
output must equal zero determines the gain, resolution,
and stability of the zero compensating system. Third, the
speed of response is partly determined by requiring that
large peaks should not cause baseline shifts in excess of .
the allowed accuracy of the zero setting.

b. Analysis. Assuming that none of the amplifiers sat-
urate, the response of the output to a detector current,
is, is given by

Vout — Vo =

id Rh (pT + 1)
'r Rn + R_r': (1 - A1) + Rfl (1 — A1A2) + (1 - Al)
p A; sz Al (ng + Rjg) A1
3)
where
= C Rjg ng-
R]z + R]3

and p is the Laplace transform variable. For values of
A, large enough to make the summing point (P) a virtual
ground, Eq. (3) may be rewritten

- id R]] (pT + l)

Vour — Vo= pr+ A, +1 (4) R
where
’r Rfl A
m‘m+m2

Thus slow changes in i; are reduced by a factor of
1 + Aj, and the €' speed of response is given by

7 = T — C (RI'Z + RN) (5)
"1+ A, R,tR.+R,A,

The response of such a system to a linearly rising cur-
rent of the form iy = kt, where k is in units of amp/sec,
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‘may be expressed respectively in complex and real-time

terms as follows:

1
- H;k(p“l— -;—)

[Voul - Vo]‘ =

LT

p’[p+(1+A)

T

T

wl

(6)

[Vout -

kR,

14

;(,TA 2-

v =-q

’
2

[

+ Al 1+ A

A
e

For times long compared to r;-and for A} > >1

Vou¢ -

P

Vo

—ﬂ%u+¢ ®)
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Fig. 57. Cross-section detector calibration with
automatic scale switching electrometer

The above analysis holds for small, slow variations of
the detector current. However, during peaks, whose
widths are short compared to r, the fast variations will
usually cause the amplifier A, to saturate. If r is long
compared to the total time during which peaks are ap-
pearing, then the voltage across the capacitor (AV.) is

determined by the saturation voltage of A, (V,) and the

fraction (y) of the time that the peaks cause the amplifier
to saturate.

Assuming in this design that the amplifier, A,, is
limited by current and voltage saturation at zero and
+V, volts, respectively, the capacitor will then charge
as follows after a time, T, of peaks:

_I.Ty
- C (9)

where I, is the capacitive charging current.

AV,

In the general case, the charging currents may be written

——_YL. — Ry + Rlz]

I(+) = R Ve [———Rm R, (10)
_ Ry + R!z]

I{(=) = Veo [ Ria Ry (11)

is2

Ry
IONIZATION
DETECTOR
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— lg ~= bd\ out o .
pageed o / &= OUTPUT
Rz ¥, Frs /
Az
G \ 2ERO
. L REFERENCE (1)
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V=)

FIXED CURRENT
BUCKING SUPPLY

Fig. 58. Linear feedback with a low-pass filter

where V., is the capacitor voltage at the start of the
chromatogram. For the case of balanced operation where

VC(+)‘ = ‘lc(")‘ = I,

_V._ Rp
Veo = 2 Ry + Ry (12)
and ’
- v, -
ICb - 23]3 * . (13)
Under this condition, the capacitor voltage is given by
- V. Ty
AV = 23” C . (14)

If 1,.;, represents the minimum peak current to be re-
solved, the current resulting from the capacitor charging
should not exceed I,;,. For a balanced condition this
current is

Avcb
RI 2

V.Ty
2R, R, C

The maximum correction current (I..,) that the zero com-
pensation system can supply is

Imin“

(15)

\%
Lar = - .
SR, + By (16)
Therefore '
Inuu - Rfs R[z C T
Imin TT) (Rlz + R!a) T’q (17)

¢. Laboratory model. The block diagram of a labora-
tory system containing an automatic scale changing



electrometer and baseline stabilizer is shown in Fig. 59.
In this system

R/i(man = JQre ohms

R;: = Ry = 5 X 10° ohms

C = 2f
A, = 1000
A;-= 1000

: = 1000

r = 5000 sec
V. = 15 volts,

The drift compensation available from the circuit when
balanced is 0.75 X 10-° amp. Long-term drifts of this
magnitude would then be reduced to =0.75 X 10-*2 amp,
Columns requiring 2 minutes for a complete analysis, as
an example, would produce an error current (I,;,) of
1.8 X 10! amp if  were 100%. The cross-section de-
tectors currently in use in our laboratory chromatograph
are estimated to have a five-decade range of signal cur-
rent superimposed on the baseline. The maximum and
threshold levels are usually functions of detector satura-
tion and noise, respectively. The total detector current is
givea by

Igog = Id + I. » (18)

where I, is the current arising from the sample, and
typically

10‘3‘5 < _h_ < 10#1.5
I

(19)
If the baseline were assigned a representative value of
10~ amps., the threshold would then be 3 X 1072 amp.
The automatic zeroing circuitry used in a 2-min column
application would therefore preserve at least 4 decades
of range in an automatic analysis in which only peak
heights or peak areas were monitored.

Improvement of circuit thresholds requires variation
of parameters that may alter the stability of the system.
Referring to Fig. 60, the feedback factor (F) for the en-
tire loop may be expressed approximately as follows:

Aj 1 F,
l"pf 1+p?1 I“'“F;

where r; = Ry, C,, and F, is the electrometer feedback
factor. In the circuit of Fig. 59, the electrometer is band-
width limited so that the dominant time constant is pro-
vided by the term F,/(1 — F,) and would be about 100

F= (20)
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Fig. 59. Block diagram of automatic scale switching
electrometer with baseline stabilization
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Fig. 60. Circuit for calcviating loop transmission

msec. With A} = 1000 and » = 5000 sec, the loop gain
margin is 34 db. Increasing Ry, by a factor of 10 raises
A} also by a factor of 10 and decreases the electrometer
bandwidth so that most of the gain margin is expended.
Increasing Ry, and R;; by a factor. of 10 would restore
the margin although the range of drifts that the zero sys-
tem could accommodate would then be reduced by a
factor of 10.

When a chromatogram has been completed, the base-
line circuitry will require »T seconds to restore the elec-
trometer if the system were balanced at the outset.
Provision for fast restoration at the end of a sample

183




JPL SPACE PROGRAMS SUMMARY NO. 37-20

analysis has been made by the inclusion of a lower-value
switchable resistor in parallel with Ry,

The scale changing electrometer is similar to a design
generated for the experimental Mariner Plasma Instru-
ment by J. Lawrence. The design of the automatic scale
factor device is discussed in SPS 37-14, Vol. VI, pp. 38-
40. In its present configuration (see Fig. 61), the circuit
contains 3 automatically switched feedback resistors
enabling the electrometer to handle 7 decades of current
between 10-'* and 10-* amp. Speed of response on the
low-current range (R;, = 10 ohms) is about 100 msec,
which makes the electrometer a useful device in monitor-
ing outputs of fast capillary columns. '

4. Summary

The electronic instrumentation described in this paper
represents a reduction to practice of many significant
chromatographic measurement requirements. The labo-
ratory experimenter concerned with making rapid, effort-
less measurements now has at his disposal the following
new tools: (1) automatic stabilization of electrometers
against detector baseline drift, and (2) electrometers hav-
ing a combination of stability, speed of response, and
automatic dynamic range not commercially available.
The laboratory chromatograph d-scribed here is a con-
venient location for the insertion and examination of new
elements such as columns and detectors. In time, labo-
ratory elements such as valves, actuators, ovens, and
other auxiliary devices will be replaced by miniature

Fig. 61. Photograph of experimental model of automatic
scale switching electrometer with baseline
stabilization

low-power electromechanical substitutes as the develop-
ment program approaches the flight instrument phase.

The authors wish to thank Dr. S. R, Lipsky, Dr. James
Lovelock, and Gerald Shoemake, scientists working on
gas chromatography under NASA grants, for their con-
tinued advice and assistance.
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SPACE SCIENCES

X1X. Space Instruments Development

A. A Capacitor Storage Scheme

tfor Gas Chromatograph Detector

Quiescent Current Compensation
J. H. Marshall

1. Infroduction

Because the quiescent current of an ionization detector
used in a gas chromatograph does not remain constant
for long periods of time, some form of automatic base-
line stabilization® is required for spacecraft applications.
This report describes a system in which current from a
capacitor storage cancels the detector quiescent current
at the clectrometer input. This technique is applicable to
chromatograms lasting as long as 30 min with peaks as
small as 1072 amp superimposed on baseline shifts of

10-° amp. '

2. General Description

A functional block diagram of a proposed electrometer
system for a spacecraft gas chromatograph is shown in

1§, H. Marshall, “Gas Chromatograph Detector Quiescent Current
Drift Compensation,” JPL interoffice Technical Memorandum,
December 5, 19682, SP§ 37-20, Vol. 1V, p. 169; SPS 37-22, Vol

IV, p. 213.

Fig. 1. The system -consists of an ionization detector; a
dynamic capacitor electrometer (Ref, 1) with automatic
scale switching (SPS 37-23, Vol. 1V, p. 245); fixed and
variable quiescent current bucking supplies; and control
logic.

For a spacecraft mission, the fixed-current bucking
supply is adjusted on the Earth to null out the then
present detector quiescent current. When the spacecraft
reaches its destination, and while only carrier gas flows
in the detector, the reed switches labelled “loop” are
closed, and the electrometer is placed on its most sensi-
tive scale (feedback resistor = 10'® Q). The comparator
amplifier then adjusts the variable bucking current so
that the electrometer output approaches zero according to

Rg In
Voo = — —=— +V,, 1)
00 M, . (1)

where

Voo = electrometer output voltage with the loop
switches closed

I, = detector current minus the fixed bucking current

M= BeMe 100

R, + R,
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Fig. 1. Electrometer with baseline stabilization

Ve = 2000

M. = comparator amplifier gain = ——
Vo — Vo

V.. = offset voltage of the comparator amplifier
electrometer feedback factor » 1

M,» 1

As soon as the voltages on the storage capacitors (C,
and C,) have reached equilibrium, the loop is opened,
and the sample to be analyzed is injected into the col-
umn. During the chromatographic analysis, the voltages
on the storage capacitors decay toward zero, resulting
in a decay of the variable bucking current and the fol-
lowing approximate change of the electrometer output
voltage with time?,

R-_) ID
M,

Vo = — + Voa - Il) R! [t/TL - % (t/‘ro)z] (2)

where

V, = electrometer output voltage with the loop
switches open

2For a derivation of the decay of the variable bucking current,
see the double resistance-capacitor storage discussed in SPS 37-22,
Vol. 1V, p. 213,

214

t = time after the loop was last opened (small com-
pared to r¢)

v = 40,600 sec
18,200 sec

R; = electrometer feedback resistor

i

T

For I, <10®° amp, R, = 10 2, and V,, = 0,and V, =
0 == 20 mv for 1970 sec after the loop was last opened.

The electrometer output can also be expressed in
terms of the initial cutput voltage (V,,) of the comparator
amplifier by

— _Vy% R ' t 1/ t\?
T A Vm][: 2 ]
()

If the above quantities are sufficiently stable, and if I,
does not change during the chromatogram, then peaks
of the same order as the decay of the variable bucking
current can be measured by recording V,, and correcting
for the initial value and decay of the baseline. As an
additional check on the proper operation of the system,



the clectrometer output voltage with the loop closed
could also be recorded.

‘3. Circuit Details

A complete schematic of the baseline compensating
circuits used in a laboratory gas chromatograph is shown
in Fig. 2. The comparator amplifier and the resistance-
capacitor storage are designed for spacecraft application.
However, for the laboratory instrument the reed switches
are controlled by toggle switches, and a meter indicates
the comparator output voltage. Also, the electrometer
can be used without baseline compensation by opening
a reed switch between the capacitor storage and the
electrometer input.

The comparator is a feedback dc amplifier with a
gain of 2000 and a balanced, matched differential input
stage. A pole of 100 sec and a zero of 100 msec are
placed in the comparator feedback loop to stabilize the
over-all system against oscillation. The calculated asymp-
totic frequency dependence of the comparator feedback
factor (Fig. 3) shows that the comparator is safe from
oscillation. A complimentary emitter-follower output
stage allows the load to be driven rapidly positive or
negative without large standing currents in the output

(01 mo) (02 mo) (01 mal
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emitter-follower. The ammeter in the collector circuit of
Q: is used to ensure that the comparator amplifier is
operating within its linear range when the loop is closed.

The decay shape adjustment, which determines the
initial voltages V., and V;, on the storage capacitors C,
and C,, controls the time dependence of the variable
bucking current after the loop is opened. The nominal
value for the ratio of V,, to V,, is 0.486. An adjustment
compensates for deviations of resistors and capacitors
from their nominal values.

The loop toggle switch, which closes the reed switches
connecting the output of the comparator amplifier to the
storage capacitors, also holds cutoff transistors Q,.* and
Q1 in the automatic scale switching circuits (SPS 37-23,
Vol. 1V, p. 245). The electrometer feedback resistor then
remains 10" Q regardless of the electrometer output
voltage. The electrometer output will be zeroed to
=+ 10 mv in about 2 sec after the loop is closed.

The power supply voltages are identical with those
used by the automatic scale switching circuits. The
power to operate the circuits is 31.3 mw, with an addi-
tional 35 mw being required to. close the loop reed
switches (Table 1).

4175v  +i75v TS v l
| 1 DECAY SHAPE
ADJUSTMENT {CORNING GLASS
30K | gox . CYFM-10, 8 pf)
4 ww Cs
Ry — 4 —
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Fig. 2. Baseline compensation circuits
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Table 1. Power requirements where
Veoltage, Current, Power, Rl =R, -
v me mw
R,R,C, —- R.C
+17.5 0.54 9.5 R, + R, ‘20
—17.5* Oer2 0or 35
—32.5 0.62 21.8 R,»R, + R,
Total power:  31.3 or 66.3 mw
aThe current (1 ma) to operote the reed switch which connects the baseline C: > C'

compensation fo the electrometer input was not included, bacause this
switch probobly would not be present in a spacecraft version.

¥The ~17.5 v current flows only when the loop switches are closed, during

which time no —17.5 v current would be required for reed switches by
the automatic scale switching circuits.

4. Feedback Factor

The feedback factor of the electrometer with the loop
switches closed was calculated with the aid of Fig. 4 and
is given approximately by

1+p R, + R, + 1\c,
F = Mo 4, M,

Cix = electrometer input capacity
Ciu » Cl

Cin » C; = stray capacity across the electrometer feed-
back resistor

1[1 + PR Cr (R, ¥ MoR(}is ¥ Re))]

2
[1+p
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Fig. 4. Simplified schematic, closed loop configuration

Comparator amplifier feedback factor » 1 for times
longer than 1 msec

p = Laplace transform variable

The electrometer input capacity is almost entirely deter-
mined by the secondary feedback loop® and can be
approximated by

Cin= B A Co + C; + Cu (5)

where

!

B = secondary feedback attenuation
A, = dc open-loop gain of the electrometer amplifier
= | A

Cy = rest capacity of the vibrating reed modulator

37, H. Marshall, “Electrometer Open Loop Frequency Response,”
51, interoffice Technical Memorandum, August 1962.

Neglecting poles and zeroes smaller than about 3 msec,
the electrometer amplifier gain (A,) is given by

_’Ao

oR.C./C, + Cs ¥ C. )
Ao B, Co

A, =
1+

The following values of A, and C;, were determined from
the measured open-loop gain of the electrometer (with-
out bascline compensation) versus frequency* (Fig. 5)

and were found to agree reasonably well with Egs. (5)
and (6):

Cin = 2300 pf
A, = —1000 (7
4, = 1000 '

1 + p25 msec

¢]. L. Lawrence, “Electrometer Open Loop Response Versus Fre-
quency for 100 Feedback Resistor,” private communication.
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Fig. 5. Asymptotic frequency response of the electrom-
eter feedback factor

The feedback factor is then given by

—5 X 10° (1 + p200 msec) (1 + p2.5 msec)
(1 + pl00 sec) (1 + pll.5sec) (1 + p25 msec)

(8)

The asymptotic frequency dependence of F is shown
in Fig. 5 and compared with the frequency response for
the electrometer without baseline compensation. Near
gain crossover the feedback factor with the compensating
loop is twice that without the compevsating loop. Be-
cause the electrometer alone has more than 15 db gain
margin, oscillation with the compensating loop appears
safely prevented. If R, C; were made equal to R; R, C./
2 (R; + R,), then ncar gain crossover the two feedback
factors would be identical.

F =

The loading of the clectrometer input with an addi-
tional 10'°Q resistor for the baseline compensation re-
duces the feedback factor with the baseline compensating
loop open by 6 db. If the electrometer feedback factor
is then too small, the gain of the carrier amplifier could
be increased by 6 db. Because C,y is proportional to the
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carrier amplifier gain, the feedback factor near gain cross-
over would not be changed, and the same gain margin
should result.

5. Response to the Closing of the
“Loop’’ Switches

The time required for V, to reach its equilib:ium value
after the loop switches are closed determines the mini-
mum time that these switches must remain closed.

For C, and C, initially uncharged and for times long
compared to the gain crossover time (30 msec) of the
electrometer amplifier, the Laplace transform of V., is

V . V)o ng R5 - ID R[ [1 + pC. (R5 + R‘)] '
2 .
pR R¢ C
[1 + T:T‘a‘z‘] [1+p(R +R)C] p
(9)
where
V1o = initial value of the comparator output voltage
Vo. = 0
qu>&$—wwm (10)

where

V, = saturation voltage of the comparator amplifier

=20v
then
Vie=—V,
and
Vz _ _V,p50msec + I, X 10"°Q (1 + p100 msec)
(1 + p45 msec) (1 + p200 msec) p
(1)
For I, = 10~ amp, then .
Vv, = —10v (12)

(1 4 p45 msec) p

and the time required for V, to reach 0.01% of its final
value is 0.42 sec.

For Ip = 1072 amp, then
V. _—001v (1 + »100 sec)
z 7 (1 + p45 msec) (1 + p200 msee)
(13)

and the time required for V, to fall to within 1 mv of its
final value is 1.8 sec. Therefore, the loop switches should



be held closed for at least 1.8 sec to ensure that the elec-
trometer is properly zeroed.

Because the 100-sec pole is placed in the comparator
amplifier rather than later in the system, a large dynamic
range is not required to prevent rate limiting. If, for
example, C, were used to produce the 100-sec pole, and
if the dynamic range of the comparator amplifier were
not changed, over 100 sec could be needed to charge C,
to its final value. When the 100-sec pole is early in the
system, linear analysis is applicable, and 1.8 sec is suffi-
cient to charge C,.

Also, if the electrometer feedback resistor were less
than 10 Q, the resulting decrease in the feedback factor
would slow the charging of C.. Therefore, when the loop
switches are closed, the automatic scale switching cir-
cuits are bypassed, and the fecdback resistor is fixed at
10 9,

6. Performance

The comparator amplifier gain, offset voltage, and
dynamic range were determined by measuring® the am-
plifier output voltage versus input voltage at several
temperatures from —55 to +125°C. The 5-4F capacitor
in the feedback loop was disconnected so that the ampli-
fier output would quickly reach equilibrium. The data
for —55, +20, and +125°C are shown in Fig. 6. The
gain, which was 1850 at roomn temperature, varied by
+3.3% over the temperature range. The temperature
coefficient of the offset voltage, which had a room tem-
perature value of 1.6 mv, was +10 uv/°C, yielding a
+09 mv change over the temperature range. These
temperature variations cause less than 1.2 mv change
in the closed loop elecirometer output. The comparator
amplifier dynamic range extencing from +14 to —30 v
provides variable bucking currents from —0.7 X 10° to
+1.5 X 10-° amp.

The small-signal comparator amplifier rise time, meas-
ured by applying a square-wave voltage to the amplifier
input, agreed with the feedback factor calculations illus-
trated in Fig. 3. All risc-time effects in the comparator
amplifier, except the 100-sec pole and 100-msec zero in
the feedback loop, were negligible compared to the rise
time of the electrometer alone.

In order to test the entire baseline compensating sys-
tem, the detector was simulated by a stable power

>H, Richeson, “Comparator Amplifier Test Results,” JPL inter-
office Technical Memorandum, October 1983,
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supply connected to the electrometer input by a 10" 0
resistor (Fig. 7). With the power supply voltage set to
91 v, the loop switches were closed, and the electrometer
output settled to —7 mv, in good agrecment with the
—8 mv predicted by Eq. (1) and by the measured com-
parator amplifier gain and offset voltage. Then the loop
switches were opened, and the electrometer output volt-

o //
: N/

T . /
=55 °C
:0 'C: //

i£5 °C —-

. v

OUTPUT, v

)

-32 1

-i8  -14 -0 -6 -2 2 6 10 18
INPUT, my
Fig. 6. Comparator amplifier inpuf-output
- characteristics
ELECTROMETER
WITH BASELINE
COMPENSATION
DC POWER |+ o' HONEYWELL
cuppLY [ [/f RECORDER
DIGITAL
VOLTMETER

Fig. 7. Test setup
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Fig. 8. Decay of the variable bucking current

age as a function of time was recorded (Fig. 8). The
ratio of the initial voltages across the two storage capaci-
tors was varied and is a parameter on the curves of
Fig. 8. As predicted by Eq. (2), the electrometer output
drifts no more than =10 mv for 30 min, if the rather
critical ratio of the initial capacitor voltages is correct.
If the shape of the decay of the variable bucking current
is to be predictable, then this ratio must be more stable
than 0.05% and the ratio of R, to R; must stay constant
to better than 0.2%.

In order to measure the rise time of the voltage across
C. when the loop switch was closed, C, was initially dis-
charged by the 10 M@ oscilloscope probe impedance,
and 9 X 10 and 2 X 10°** amp currents were injected
at the electrometer input. For times longer than 100 msec,
the waveforms predicted by Eqgs. (12) and (13) were
confirmed.

Presently the electrometer with baseline compensation
is being used for detector tests. The only difficulty antici-
pated in applying this technique to a spacecraft gas
chromatograph is matching the temperature coefficients

- of R, and R,.

B. Lightweight Sample Collector
for Exobiology Experiments
S. B. Tuitle

An aerosol method of particulate sample collection has
been developed, and it is currently considered feasible
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for exobiology experiments. The equipment has not been
optimized for material or weight, but there are no ob-
vious problem areas.

This technique is capable of handling particles be-
tween 5 and 100 x at a density of 2 or less. The rate of
sample collection is roughly 0.02 g/min at a gas consump-
tion 0.14 ft*/min, standard temperature and pressure. At
these rates, a 0.5-g sample would require a storage vol-
ume for gas at 1800 psig equal to a sphere 4.5-in. D.

The aerosol system consists of an aspirator at ground
level with suitable hoses connecting with the separator
and instruments located on the spacecraft. The particulate
matter is separated from entrainment and delivered to
the experiments as a highly enriched aerosol mixture.
Final separation at the experiments is by gravity.

A miniature aspirator has been developed for this
specific application. It consists of a choked sonic jet in a
constant arca mixing chamber. This aspirator- can be
ejected from stowed position and will fall to ground due
to gravity. It is discriminatory regarding size and density
and will not pick up particles over approximately 100 p.
If several aspirators are ejected over a wide area, ade-
quate sample volume is assured plus redundance against
component failure. The general scheme of multiple aspi-
rators is depicted in Fig. 9.

The particulate matter is separated from the sterile gas
with a cyclone separator. This device utilizes centrifugal
and vortex action to enrich the mixture. The efficiency
with which.a cyclone separator will retain small-diameter
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SPACE SCIENCES DIVISION

XVII. Space Instruments Development

A. An Automatic Scale Factor
Device for Use with Space-
craft Electrometers
J. H. Marshall

1. Introduction

One particularly useful device for making measure-
ments in interplanetary space and on other planets is an
electrometer capable of a wide dynamic range; for ex-
ample, the plasma probe on Mariner 2 used an electrom-
ster for measuring currents between 107* and 10~ amp.
Also, future experiments involving gas chromatography

nd mass spectrometry will probably require similar
lectrometers.

Since relatively uniform accuracy is desired over the
tire dynamic range, some form of logarithmic scale
smpression must be used. On the Mariner 2 plasma
“obe (Ref. 1), a vacuum diode operating in the retarded
told region provided a logarithmic transfer impedance.
his compression scheme had the disadvantages of slow

response because of large (~35 pf) interelectrode capacity,
relatively large instabilities resulting from dependence
on tube characteristics, and the unreliability inherent in
hot filament vacuum tubes. For these reasons, J. L. Law-
rence developed an automatic scale-switching system
which set the electrometer feedback resistor to one of
three values so that the output voltage remained in a
given range. This system possessed the reliability, sta-
bility, and fast response of resistive feedback, while still
maintaining relatively constant accuracy over a seven-
decade dynamic range. '

However, the circuit developed by Lawrence possessed
certain disadvantages for use in a general purpose elec-
trometer. Because ac-coupled flip-flops were used, the
logic could become blocked until a large change in
the electrometer input forced a scale change. Further-
more, flight instrument schedules provided little time for
optimizing the circuit. Finally, because the voltage for
which the scale would change could not be predicted
accurately, resistor values had to be selected after the
unit was completed in order to set properly the scale
shifting points.

248



JPL SPACE PROGRAMS SUMMARY’NO. 37-23

10'%a
';)8 o 'REED SWITCH
o ]
3
! .
| p 1T
i
[3 L:T_.L...__:'J
10°q I B
T v AUTOMATIC  |g
i j_) ; SCALE
i , SWITCHING | g
D —1  CIRCUITS
| REED | ¥ M-~~~ R
[ SWITCH | I'| TrRANSISTOR|.
14 SWITCH |
_________ - | 1
r 1 | I
in ! 5 S (e 4 AA
INPUT o : —| — CARRIER DC AMPLIFIER
‘ 4 ' AMPLIFIER  out
: f!.‘ | -{> -0 QUTPUT
| VIBRATING REED | TR A et
! ! |
| CAPACITOR | 1T aaTen R/ —
i MODULATOR | | i
1 i = |
———————— | '
! |
| S ———d
TRACKING —f
OSCILLATOR :

Fig. 1. Automatic scale switching electrometer block diagram

This report describes an improved version of the auto-
matic scale factor device, which is primarily intended for
an electrometer for use with a gas chromatograph. The
above problems have been removed by using dc-coupled
flip-flops and careful optimization of the circuit details.
Furthermore, the scale changing levels can be accurately
predicted and depend only on a single regulated voltage.
Extensive tests on the circuit have been made and show
stable operation from —50 to +125°C.

2. General Description of the Electrometer with
Automatic Scale Switching

A block diagram of the automatic scale switching elec-
trometer system is shown in Fig. 1. The electrometer itself
consists of a vibrating reed capacitor modulator, a field-
effect transistor carrier amplifier, a transistor shunt de-
modulator, and an integrating dc amplifier. The tracking
oscillator drives the reed at its resonant frequency and
supplies the synchronized drive signal to the demodu-
lator. The automatic scale switching circuits (Fig. 2)
consist of a transistor shunt chopper to convert the
electrometer output voltage, which can have either polar-
ity, to a sequence of rectangular pulses that are used to

2486

trigger two discriminators, one of which is preceded by
an ac amplifier with a gain of 150. The use of a chopper
avoids the need for separate discriminators for positive |
and negative clectrometer outputs and also makes pos-
sible the use of an ac amplifier, which simplifies the
design of a discriminator to eperate stably with a 50-mv
threshold. The discriminator outputs control two flip-flops.

which drive the reed switches that determine the value

of the electrometer feedback resistor.

Since the feedback factor of the electrometer is about
1000, its output voltage e, is related to its input current |
ii» approximately by

Cout = — iia R! (1)

where R, is the value of the feedbock resistor. The auto-
matic scale switching circuits select the proper feedback
resistor to maintain the output voltage between 50 mv
and 9.5 v, if the input current lies between 5X 1072 and
9.5X 10 amp. A secondary feedback loop, which stabi-
lizes the electrometer against oscillation, is also varied as
the feedback resistor is changed so that the eiectrometer
transient response remains optimum.
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Fig. 2. Automatic scale switching circuits block diagram
3. Description of the Automatic Scale principally determined by the gain of the ac amplifier
Switching Circuits (Q5 and Q86) which precedes the lower discriminator.

This amplifier has a gain of 150 with a feedback factor
of about 15, provided by a single feedback loop which
stabilizes both the ac gain and the dc operating points.
Because each scale change is a factor of 100, the threshold
of the lower discriminator must be safely less than Yoo of
the upper discriminator threshold to prevent oscillation.
In order to avoid non-linearity and an appreciable atten-
uation of the chopper output signal, the amplifier input
impedance must remain high and relatively independent
of input voltage up to signals of 10 v. Although a 10-v
input obviously saturates the amplifier, the 2.2-uf by-pass
capacitor charges until its average current is zero. Once
N e lovel to prevent saturation of the trans- equilibrium is achieved,‘the input transistor Q5.need
?:rxnirlce:e ?rhe circuii of Fig. 4 is not intended for onlg s}upp]y the currlents 0 t}f 147% a{;d ;StSK rfssxséolr)s,
: ) R i : ontinue e mine

spacecraft applications because of its rather Jow efficiency tll;]e lt Oﬁlénx}zzl;its:(r)r:p fer (o‘;?ctig baseuo:' (56 to ger;rm d. Evez
and because of the danger of interaction of the modu- after the by-pass capacitor has become fully charged, the
lator drive signal with the electrometer carrier system. amplifier returns to its normal operating state within
The final design of the modulator drive circuit depends 40 ms after the input signal is removed.

on not yet determined spacecraft conditions, such as the

availability of 2.4-ke square-wave power.

A schematic of the automatic scale switching circuits
is shown in Fig. 3. The chopper (Q2 and Q3) is a shunt-
pair operating at about 2.4 ke with an offset stable to
better than 1 mv. The chopper base drive is coupled
through a 1:1 transformer with small (~1 pf) capacity
from the primary to the secondary to reduce “spiking.”

During laboratory tests, the modulator drive signal was
supplied by a difference amplifier (Fig. 4) that converted
the 2.4-kc sine wave from the tracking oscillator to a
symmetrical square wave. The positive and negative
current pulses had equal durations to better than 1%

The discriminator input signals are coupled to the base
The chopper output drives two nearly identical dis-  of a differential amplifier with regenerative feedback
criminators (Q4 and Q7), the ratio of whose thresholds is  (Fig. §) via a diode-restored capacitor and a filter. Series
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Fig. 5. Discriminator circuit simplified schematic
diagram

resistors limit the initial charging currents to less than
1 ma. Assuming that the chopper switch is closed for one-
half of each cycle, the dc voltage V; at the base of Q1 is
related to the input voltage V, by

/R (2R, + 6R,
Vem Wi = <9Rs T ) Vo (938 T2R,)"”

2R, + 12Rs\ 5
~ R; (W) fn (2)

where V, = diode forward voltage drop and i,; = base
cenrrent of Q1. Because the collector of Q1is c!ampeé by a
diode conducting a current of 1./2, the discriminator
changes state when the collector currents of Q.l and Q2
are equal. Since Q1 and Q2 are matched transistors, the

JPL SPACE PROGRAMS SUMMARY NO. 37-23

collector currents will be equal for equal base voltages
{to 5 mv) and currents (to +10%), that is when

— RnVc + R5V2 - ibz BSRG

V, =V
e R, + R.
fey = ez (8)

. I.
thy — "bz — EE

where 8 = forward common emitter current gain.

Substituting Eq. (3) into Eq. (2), one Vobtains for the
input triggering level

I. (9R; + 2R,)

Vv, = (R.Ve + R.V.) (9Rs + 2R,) +
(R ¥ R R 56R,
GRS wYR] @
9R; + 2 2R
+ ( gR,, RL) [ gaiiggi)"o - V‘]
In the case of the upper discriminator V
-Rs = 10K
R, = 200K
R; = 22M
R, = (240K) 11 (1.8M) = 212K
Ve=—11v (5)
Vy= —22v
V.= —1983v
I, =214pa
B =100
Vp=05v
then
Vo= 2,24V, + 0.22V + [./8 22K + 2.45 (0.94V, — V)
(6)
giving
‘ Vo= 9.40v )

The dependence on the base current has been reduced an
order of magnitude by making the impedance seen by
the base of Q1 nearly equal to that seen by the base of Q2
and by using transistors with matched current gains
(2N2453). Also, the 2.5 mv/°C temperature drift in Vp is
compensated by generating V, (—22 v) with an emitter-
follower (Fig. 6) that has the opposite temperature co-
efficient. Similarly, drifts in V. can be compensated.
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Since the triggering level is approximately proportional to
the difference between V, and V,, both these voltages
are referenced to nearly the same source (Figs. 5 and 6)

The upper discriminator output, which is taken from
the collector of Q2, is in the zero state (—18 v) for input
signals Vi, below 9.4 v in magnitude and is in the one state
(—11 v) for inputs above 9.4 v.

The important transition of the lower discriminator
occurs when the input signal falls below the triggering
level. This level differs from the level for the upper dis-
criminator by the gain of the amplifier and by the
hysteresis caused principally by the change of V; from
—11 v in the zero state to —18 v in the one state. The
triggering level for the return of the lower discriminator
is then given by

Vo (return) = 712(;’ = 52 mv (8)

In order to temperature-compensate this level, the bias
current of the diode on the collector of Q1 has been
chosen so that the collector currents are equal for the
returning transition. The output signal, which in this case
is taken from the collector of Ql, is in the zero state for
inputs in excess of 52 mv in magnitude and in the one
state for inputs less than 52 mv.

'The discriminator outputs control flip-flops (F-F) A and
B (Fig. 2), which, in turn, control the feedback resistor

via two nand circuits as follows:

Feedback resistor | State of F-F A | State of F-F B
1020 0 0
1000 1 0
1000 1 1
Forbidden combination 0 1

Because the reed switch coils, when open, must be
grounded to prevent excessive leakage currents at the
electrometer input, the logic circuits have all been ref-
erenced to —17.5 v instead of ground. Then the output
stages Q12 and QI3 can each be a single transistor which
is on only when its switch coil is energized. The zero level
is formed by saturating a transistor against ~175 v, and
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the one level is determined by a diode clamp against
—11.5 v. The clamping -of the one level yields a low
impedance and a well defined voltage level, which will
be less subject to difficulties from transient pickup or
component variations.

The scale changing logic sequences as follows: Assume
that the feedback resistor is 10'° Q and that the electrom-
eter output voltage is less than 9.4 v. Then, the signals
(Fig. 2) have the following states:

Signal

HOMU QW
)

Feedback resistor

No change occurs in the flip-flop states. If the input
then exceeds 9.4 v, the upper discriminator will move to
the one state causing F-F A to be set to a one and chang-
ing the feedback resistor to 10® Q. The electrometer out-
put then falls by a factor of 100, and the upper discrimi-
nator returns to the zero state in about 30 ms..The
capacitor delays signal A from reaching and gate H by
150 ms so that F-F B will not also be set to the one state
unless the electrometer output still exceeds 9.4 v after the
150-ms delay. Now, the states are:

Signal ‘State
A 1
‘B 0
C 0.
D 0
E 0
G 0
H (]
Feedback resistor 1000

If the electrometer 6utput once again exceeds 9.4 v,
then D changes to the one state, and, because and gate H
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is open, F-F B is set to a one. The 10° Q feedback resistor
is now in the circuit and the states are:

Signal State

Oorl

Oorl
Oorl
106 @

ZOoOBOOw >

Feedback resistor

If the electrometer output now drops below 52 mv,
the lower discriminator will change to the one state caus-
ing F-F B to be set to a zero and the feedback resistor
changed to 10° Q. The electrometer output then increases
by a factor of 100, and signal C returns to the one state
in about 10 ms. The capacitor delay prevents B from
reaching and gate G before C returns to the zero state.

If the electrometer output again falls below 52 mv,
then C moves to the one state and sets F-F A to the zero
state via and gate G. Now the feedback resistor is 10*° Q.
Signal A, via or gate E, insures that F-F B is always zero
when F-F A is zero,

The power supplies designed for laboratory use are
shown in Fig. 6. Although these supplies were not de-
signed to be highly efficient for spacecraft use, they incor-
porate the following characteristics that the spacecraft
version should have. First, the —11.5- and —22-v sup-
plies are referenced to the —17.5-v supply, because in
most of the circuits the difference of the voltages from
—17.5 v is more important than the absolute value. Be-
cause the discrimination level depends critically on the
difference of the —22- and —17.5-v supplies, this differ-

ence should be regulated to at least 1%. Secondly, the
temperature coefficients of the —11.5- and —22-v sup-
plies are chosen to compensate diode drifts in the digital
logic and the discriminators. Third, the emitter-followers
are protected against excessive emitter currents by a
collector resistor and against excessive back-biasing emit-
ter-base voltages by diodes from the emitter to base.
Fourth, the —11.5 v supplied to the amplifier is de-
coupled by an R-C circuit from the —11.5 v used by
the remaining circuits.

The power requirements are shown in Table 1. The
total power required is 63.7 mw, including the power to
close one reed switch (17.5 mw), the power taken from
the electrometer by the modulator for an electrometer
output of 10 v, and the power for the modulator drive.
Allowing for power supply inefficiency, it appears that
the entire scale factor device should draw less than 100
mw of primary spacecraft power. -

4. Operation

The automatic scale switching electrometer was tested
(Fig. 7) by introducing at the input a linearly rising
current from the sawtooth output of a Tektronix 535A
oscilloscope. The sweep was set so that the voltage ap-
plied to a 10* Q resistor rose from near 0 to +150 v in
10 sec. As can be seen in Fig. 8, which is a drawing of the
observed electrometer output, the electrometer changes
scale from 10" to 10° Q and thence to 10° Q in response
to the rising input signal, and returns to the 10" Q scale
at the end of the sweep. Fig. 9 shows the electrometer
output at the transition from 10 to 10°  on an expanded
time scale (100 ms/cm).

At the times of the various scale changes produced by
the sawtooth input, oscilloscope pictures were taken of
all critical signals as the temperature was varied from

Table 1. Power requirements

Requirement Modulater Electrometer
1 9 3 4 5 drive eulput
Voltage, v +17.5 —11.5 —17.5 —22 —32.5 3 10 (mox)
Current, ma 0.39 0.42 1.26 0.002 0.58 2 0.5 (max)
Power, mw 6.8 4.8 22.0 0 18.9 é 5 (max)

Total Power — 63.7 mw
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Fig. 9. Transition from 10°- fo 10°-Q scale with
ramp current input

—50 to +135°C. Since the drifts of the —22-, —17.5
and —11.5-v power supplies were used to compensate
drifts in the discriminators, these supplies were tempera-
ture-cycled with the scale switching circuits. No indica-
tions of possible marginal operation were observed over
this temperature range.

The discriminators and amplifier were further checked
by measuring the dependence of the discrimination Jevels
on temperature. The upper level was found to be stable
to =1% from —50 to +125°C and the lower level to
+:6% over the same range. The stability of the upper
discriminator permits the upper level to be set safely
at 95% of full scale. The lower discriminator stability
is well within the 50% tolerance given by the condition
that oscillation shall not occur.

The amplifier gain and output dc voltage were also
checked from —30 to +125°C. The measured +5%
gain shift, which is consistent with a feedback factor of
15, is the principal cause of the drift of the lower dis-
crimination level. The observed =1-v shift of the output
de voltage produced no difficulty, because the discrim-
inator needs only 8 v of the nominal 13 v dynamic range.
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The margin in the capacitor delays was also checked.
The circuits operated properly for capacitors as small as
% of the nominal value (2.2 pf), while the observed
variation in the delay during temperature cycling was
less than 10%.

For +20% supply voltage variations and for +50%
variation of the —11.5-v supply with respect to the
—17.5-v supply, the digital circuits operated normally
at room temperature. As was expected, variations of the
supply voltages cause shifts in the discrimination levels,
but over the above range the discriminators otherwise
performed satisfactorily.

Therefore, this method of logarithmic scale compres-
sion has been proved feasible for spacecraft application,
and the most difficult circuit problems have been solved.
Already this electrometer has found use as a laboratory
instrument for checking ionization detectors and quies-
cent current compensating schemes for gas chroma-
tographs.

B. Planetary Interferometer
H.T. Bull

A breadboard infrared interferometer has been con-
structed at Manchester University in England to do plan-
etary interferometer spectroscopy on Mars and Venus, and
to further the state of the art to support spacecraft inter-
ferometer design. The spectral range of the instrument is
from 2 to 13 p and it is desired to perform spectroscopy
having a resolution better than 10 cm™ through this
region. The project is intended to yield new infrared
spectra of the planets through the 8- to 12-u atmospheric
window and also to provide a comparison with spectro-
grams obtained with grating instruments in the near

infrared atmospheric windows, particularly between
34 4. '
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1. Theory of Operation

Chopped infrared radiation enters the interferometer
by means of the collimating lens L. and undergoes am-
plitude division at the beamsplitter BS. Two plane coher-
ent wavefronts are then reflected back into the detector
unit and interfere in the focal plane of the detector lens.
The intensity at the detector at a given wavelength is the
vector sum of the two components, hence, the total in-
tensity is

I1(a)=2% /"’; (v) (1 + cos 2n4v) dv ).

Only the phase-modulated term is of value in interference
spectrometry and, taking the inverse transform, it follows
that

I(v) = /“} (A) cos 2raAv dA (2)

o0

However, in practice, I (A) is measured only over a finite
scan and A is not constant over the field of view. Also,
I (A) is sampled discretely and is not measured as a con-
tinuous function of A. There is a finite number of grey
levels which limit the amplitude resolution also. These
practical limitations detract from the fundamental ad-
vantages of increased luminous flux throughout, for a
given resolution, and, decreased noise bandwidth for a
given scan time. Furthermore, the ideally constant term
in Eq. (1) usually varies in space and time and may
introduce serious spurious modulation. Two last experi-
mental details are: (1) numerical apodization must be
used to improve the basic sinc function profile of the
instrument; and (2) there is usually a wavelength depend-
ent phase shift which must be considered in the numerical
analysis.

2. Optical Breadboard

The optical breadboard is shown schematically in Fig.
10 and is illustrated in the photograph of Fig. 11. The
whole system is shown in Fig. 12 with the optical bread-
board mounted on a dummy telescope. The Michelson
configuration is the simplest possible, the overall prin-
ciples being of prime interest.
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AN ELECTROMETER FOR USE IN SCIENTIFIC SPACE INSTRUMENTS™

C. Josiast
J. Lawrence, Jr.*

Analog Technology Corporation

Pasadena,

ABSTRACT

A wide-range vibrating-reed electrometer
that obtained extensive detailed data on the "solar
wind" during the Mariner II flight to Venus is
described, This circuit used an inverting carrier-
type dc amplifier with a logarithmic diode as its
principal feedback element and represented the
first successful application of a space-qualified
dynamic capacitor electrometer. This systemalso
represents one of the earliest all-semiconductor
amplifiers to be usedin a dynamic capacitor elec-
trometer.

The wide dynamic range of the application
(1013 to0 10-6 A) required the stabilization of a
closed loop having 7 decades of continuous varia-
tion inthe dynamic resistance of the primaryfeed-
back element. Some details of design, analysis,
and performance associated with the electrometer
amplifier and its feedback system are presented.

1. INTRODUCTION

One of the instruments aboard the Mariner
II spacecraft, which completed a successful flyby
mission to Venus, was a solar-oriented, curved-
plate electrostatic analyzer!l capable of measur-
ing the energy spectrum of the positive-ion com-
ponent of a suspected "solar wind.” During an
operational flight of 129 days, this device returned
extensive, detailed data to the Earth, verifying
the presence of a constantly flowing solar wind.

This solar plasma analyzer used a vibrating-
reed electrometer as its principal current-
measuring device. The Venus mission proved that
this type of electrometer, which had formerly
been a useful but delicate laboratory instrument,
could also be a rugged, long-lived, stable, and
flightworthy instrument for detecting and report-
ing space phenomena.

The basic electrostatic analyzer system is
illustrated in Fig, 1, Charged particles entering
the instrument are deflected by an electric field
approximately transverse to the particle velocity
vector. Only those particles with a particular

*This paper presents the results of one phase of
resear.h carried out at the Jet Propulsion Labor-
atory, California Institute of Technology, under
Contract No, NAS 7-100, sponsored by the
National Aeronautics and Space Administration.

‘Formerl){"with the Jet Prbpuléio’n Laboratory,
Pasadena, California.

California

charge sign and within a certain range of energy
per unit charge and a certain range of angle of
incidence are deflected through the curved tunnel
onto the charge collector, The energy distribu-
tions of both positively and negatively charged
particles entering the device can be determined by
varying the polarity and magnitude of the deflec-
tion voltage. The charge collection rate is mea-
sured at each energy level by a wide-range elec-
trometer.

DIGITAL
PROGRAMMER
-0 tVv/2
| SWEEP
ELECTROSTATIC GENERATOR
DEFLECTION O ¥v/2
PLATES
SECONDARY: 4
ELECTRON u
SUPPRESSOR ]
ELECTROMETER

i2v I

CHARGE
COLLECTOR

OUTPUT

LOGARITHMIC
FEEDBACK

Fig. 1-Block diagram of basic solar
plasma instrumentation

I, THE ELECTROMETER AMPLIFIER

A, General

This electrometer employs the conventional
operational amplifier configuration with a vibrat-
ing capacitor modulator and a nonlinear, therm-
jonic feedback element. The operational amplifier
configuration was chosen to minimize the leakage
currents resulting from input {or summing-point)
potentials and to reduce the dé¢pendence of the
speed of -response on input-to-ground capacitance,

The electrometer system used in the
Mariner II solar plasma instrument is shown in
block diagram form in Fig. 2. A vibrating capac-
itor modulates the dc summing- point potential into
a sine wave with a frequency near 2400 Hz. After
amplification by the carrier amplifier, this dignal
is half-wave dermodulated with a transistor switch,

Original manuscript received by G-NS Maveh 4, 1966,
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Direct-coupled.amplification and filtering are
performed by a Miller-type filter amplifier. The

loop is then closed with a single logarithmic diode.

An offset voltage reference used in the flight
instrument is not shown in the block diagram of
Fig. 2.

CALIBRATION
CALIBRATION
ooumnnoa
U ""U"‘Fr'" +REFERENCE

CIRCUT
00 4
(FRO® mosmuuen
I
1
COLLECTOR CUP [ ¢, 62
CARRIER FILTER
¢ AMPLIFIER AMPLIFIER
[ Gy T — ouTPyT
1 AL I L—
[ | y
! i
VIBRATION 1 I
PICKOFF !
4
NONLINEAR
DYHAMIC ATTENUATOR
CAPACITOR 3
ASSEMBLY

Fig. 2-Mariner Il electrometer
block diagram

A comparator that is referenced at a pre-
saturation voltage for the electrometer output has
been provided to preclude saturation of the ampli-
fier, an event that could occur in the presence of
small negative background currents. When this
reference level has been exceeded, an input cur-
rent source, which doubles as a calibration cur-
rent, is activated, thereby bringing the elec-
trometer to a midrange voltage.

A figure of 1000 was selected as the
requirement for dc gain between the input and the
output. If one neglects the effects of leakage cur-
rent and resistance, the figure of 1000 becomes
the dc feedback factor This figure of amplifier
tightness limits dynamic deviations to 0. 1% of the
output as obtained with infinite gain.

The carrier-amplifier approach was pur-
sued because input-modulating comparators of the
dynamic capacitor variety offered such attractive
prospects as high resistance, stability, and long
life expectancy. Furthermore, if the modulator
parameters were properly chosen, the need for a
vacuum-tube input to the carrier amplifier would
be eliminated. In addition, if the modulator fre-
quency were made sufficiently high, the electrom-
eter speed of response would not be severely
limited by amplifier bandwidth, which would also
be commensurately higher,

B, The Feedback Element

Since the 7-decade dynamic current range
(10-13 to 10-6 A) required by the experiment
exceeded the maximum signal-to-noise ratio of
the dynamic-capacitor electrometer and also
exceeded the range of available analog-to-digital

- and was electromagnetically driven at t

October

converters, a logarithmic transfer resistance was
chosen. In this application a CK 5886 subminia-
ture pentode connected as a diode provided the
feedback from the output directly to the input.
Operating in its retarded field region, 1> 2 the
diode produced a quite acceptable logarithmic
compression of plate currents over a range in
excess of the plasma experiment requirements.
The equivalent, small-signal resistance of this
tube was approximately

8 I T (1
P

where I, = plate current in the tube; its parallel
interelectrode capacitance was about 5 pF. Most
of the 5886 diodes operating at regulated filament
currents of 10 mA displayed characteristics hav-
ing about 230 mV per current decade and thermal
drifts of about 70 mV over an 80°C temperature
range. While these drifts were both predictable
and calibratable during the Mariner II flight, itis
true that the thermionic log diode masked the
inherent temporal and thermal stability of the
electrometer amplifier, which would have been
displayed had this system used resistive feedback.

Since the dynamic resistance of the feedback
element varied as many orders of magnitude as
the measurable input current, a secondary feed-
back loop was required toprovide nonlinear damp-
ing, which resulted in an acceptable transient
response over the entire dynamic range.

C. The Modulator

The dynamic capacitor modulator, devel-
oped for the Jet Propulsion Laboratory (JPL)
through a series of contracts with the Applied
Physics Corporation of Monrovia, California, was
mechanically resonant near 2400 Hz ( = 200)
18 reso-
nance by a tuned class C amplifier. 3 The capacitor-
drive oscillator loop was completed with a lead
titanate transducer, which was affixed to the
vibrating reed element. Typically, a 10% conver=~
sion efficiency, defined as the ratio of rms acout-
put veltage to dc input voltage, was achieved. The
oscillator that drives the dynamic capacitor had a
temperature-sensitive amplitude variationdesigned
to maintain a more constant conversion efficiency
than that obtained with a drive voltage that does
not change with temperature.

The thermal stability of contact potential
was better than 70 uV/°C and the 3-month pre-
flight temporal stability was 5 mV, noncumulative.
Further details on construction and performance
of this unit appear in Ref. 1.

D. The Carrier Amplifier

Following the modulator are a one-stage
low-noise ac preamplifier and a 3-stage ac post-
amplifier (see schematic of Fig. 3}. The portion
of the over-all gain incorporated into the carrier
section was determined principally by considera~
tions of noise and dc stability. The gain had to be
made large enough to minimize adequately the
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effects of drifts in the demodulator baseline and
the dc_amplifier as seen at the electrometer input,
but not se large as to permit input noise to drive
the output stage of the ac amplifier into nonlinear
operation. A representative gain of 35 for Gj (see
Fig. 2) reduced the thermally induced drifts from
the dc section to the order of 1 mV as observedat
the electrometer input. Noise at the output of the
ac amplifier was about 100 mV rms within alinear
dynamic capability of +2.5 and -6 V.

Since the transformer-rectifier power sup-
ply for the instrument was driven by a 50-V,

2400-Hz, square-wave source, it was certainthat ~

at least small amounts of 2400-Hz energy would
be present in the carrier amplifier. The self- :
resonant dynamic capacitors used for Mariner
were, therefore, ordered with mechanical reso-
nances sufficiently displaced from 2400 Hz as to
minimize internal beat-frequency signals.

The ac preamplifier presented one of the -
most likely areas for innovation, The question
was whether the parameters of the customary
vacuum-tube preamplifier could be replaced by
those of a transistor. The number of stages
needed for the carrier section turned out to be
about the same both for a high input impedance
bootstrapped amplifier and for conventional low
input impedance common-emitter amplifiers, The
low-impedance connection, as embodied in the
circuit of Q1 in Fig. 3, was finally used. (This
circuit predated the commercial availability of
field-effect transistors.) The gain of the carrier
amplifier was significantly increased by a current
step-up transformer (n = 14:1)interposed between
the preamplifier and the dynamic capacitor. The
primary impedance, which wasnétimes the ampli-
fier input impedance, was still relatively small
compared with the capacitive source reactance of
the dynamic capacitor. A phase-stable current
gain of 14 could, therefore, be expected without
increasing the noise component at the output of
the carrier amplifier. Several germanium and
silicon transistors were inspected in unloaded
models of the preamplifier. The 2400-Hz gains
of this highly degenerative circuit were experi-
mentally confirmed to be equal and then the out-
put noise content was inspected. The germanium
2N417 was selected for the application because of
its superior noise performance as observed
through this empirical procedure. The chief safe-
guard against high-temperature saturation of the
transistor caused by collector leakage was the
diode CRZ2, whose Ico characteristic was matched
to that of the transistor to at least 70°C. The pre-
amplifier bias configuration presented an opti-
mum thermal stability (Sf. = 1) along with
reduced gain to 1/f noise.

The triplet postamplifier was a 3-stage,
direct-coupled, feedback-biased cascade (Q2, Q3,
Q4). At the carrier frequency, a substantial por-
tion of the feedback used to bias the amplifier at
dc was disconnected by the shunt capacitor C6,

Response of the entire carrier amplifier
with respect to frequency is shown in Fig. 4. The
low-frequency slope of 12dB/octave was composed

October

of two equal contributions: one 6-dB/octave rate
from the capacitive source reactance to the trans-

‘former and another similar effect from the net-

work coupling the preamplifier and the triplet. If
the preamplifier output impedance were constant,
one might expect a characteristic that would still
be rising 6 dB/octave at the carrier frequency.
This impedance, because it was affected by the
preamplifier source impedance, was actually ris-
ing with frequency at 2350 Hz and was the prin-
cipal cause of response flatteningas seen in Fig. 4,

7000
4000 GAIN OF ENTIRE CARRIER CASCADE
! © MARINER II VALUES
® ALTERED VALUES AS FOLLOWS

2,000 Cs 0022 pF—e= 1.0uF

C; 60uF ——= 150uF

Cg 100pF———e= REMOVED
1000
700 asm ot

mﬁ‘ﬂ;
400 |

VOLTAGE GAIN

200

70

40
400 1,000

10000
FREQUENCY, Hz

Fig. 4-Carrier amplifier performance curves

E. The Demodulator

The ac signal from the carrier amplifier
was reconverted to dc by means of synchronous
detection, Synchronous shunt switching was per-
formed by the transistor Q5, while R27 limited
the maximum chopped currents in the shunt switch
to prevent the triplet amplifier from cutting off on
its positive swing.

In this type of system, maximum detection
efficiency is produced at drive-to-signal phasings
of 0 and 180 deg. At intermediate phasings, effi-
ciencies are described by the cosine of the drive-
signal phase angle,

The output developed across the synchronous
switch was made up of two components, signal and
pedestal. The pedestal was attributable to a dc
voltage retained by the coupling capacitor as
though it were the output filter of a rectifier sys-
tem.
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The dc voltage gain of the entire carrier
section may be written

Gy = ncGacp (2)
where
¢ = dynamic capacitor conversion efficiency
GAC = gain of the carrier amplifier at 2,400 Hz
p © demodulator efficiency

The laboratory model on which many of these
tests were run, like the flight electrometers, had
its carier gain adjusted with Ry to a nominal
value of 35. Using the measured value of G
{910) and the calculated value of np(32.4%) for the
sake of illustration, the dynamic capacitor con-
version efficiency producing the requisite gain of
35 was calculated to be 12%. The static transfer
characteristic of the carrier section is shown in
Fig. 5.
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AVERAGE DEMODULATED QUTPUT, V dc
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{CONTACT POTENTIAL
NULLED OUT)

oo

4
-0J2 -010 -008 -006 -004 -0.02 0o 002
MODULATOR INPUT,V dc

004 006 008 00O

Fig. 5-Static transfer characteristic
of carrier section

It is interesting to note that when a signal
suddenly appears at the output of the triplet ampli-
fier, only the signal component is transmitted at
first. The pedestal component, however, builds
up in accordance with the charging of the capaci-
tor. The effect on the carrier envelope or on the
average demodulated signal, in a low-pass sense,
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is that of a network producing a phase-lag doublet
with corner frequencies between 2 and 4 Hz.

F. The DC Amplifier

The dc amplifier, which was the final ele-
ment in the electrometer and comprised transis-
tors Q7, Q8, Q9, and QI10, provided the following
functions:

a. Supplementary gain for required loop
tightness, ,

b. Suitably wide output dynamic range,

c. Demodulation ripple filtering, and

d. Low output impedance,

Consider the gain requirement. The dc gain
between modulator and demodulator was desig-
nated to be 35. The section following the demodu-
lator must also provide a dc gain of 35 if the
arbitrary standard of tightness, the zero-frequency -
feedback factor, is to be about 1000. The filter
capacitor, located across the amplifier in this
design, must reduce the ripple component at the
output of the electrometer to within tolerable lim-
its for external measuring equipment but should
not be made so large as to produce a serious volt-
age rate-limiting problem. Such a problem is
often caused by a combination of (1) limited
dynamic range in the carrier amplifier and (2)
too large a filter capacitor. Since this capacitance
is an important term in one of the corner frequen-
cies for the low-pass loop transmission charac-
teristic, it must also be scrutinized from the view-
point of loop stability.

A resistive T feedback network performs,
as its principal function, the zero-signal level
adjustment of the output, which must be above
zero to accommodate the log diode characteristic.
This amplifier possesses a dc gain of 37.5 and an
integrating time constant of 0.435 sec with a feed-
back factor of about 30. )

The rate limit of the electrometer is the
slope of the integrated output of the filter-amplifier
produced by the maximum signal available from
the carrier amplifier. Maximum values for posi-
tive and negative demodulated voltages will be
somewhat different because of asymmetrical
current-handling capabilities in the output stage of
the triplet amplifier on negative and positive
swings. In the actual transfer characteristic as
shown in Fig, 5, the maximum average positive

~demodulator voltage of 1.2 V establishes an ampli~

fier charging rate limit of

dEo ED
—(—i-t—— = m = -100 V/sec.

This permits the amplifier to negotiate a negative
5-V step in 50 msec if no other factors are involved.

In most applications where the output of a
sensitive device suchasthis electrometer must be
protected against electrostatic coupling of extexr-
nal pewer and signal transients, itis imperative
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to furnish the amplifier with a suitably low output
impedance. Over-all electrometer feedback does
not necessarily ensure wide-band protection,
because at low input-current levels the dynamic
feedback resistance is high, and unity-gaincross-
over for the loop feedback factor occurs at low
frequencies. The result is a total absence of
impedance degeneration above a few cycles per
second. For this reason, local feedback in the
filter-amplifier is required to provide low-output
impedance independent of the over-all loop. The
emitter-follower, Q10 for instance, may have an
output impedance of 300 ohms, further degenera-
ted by the local feedback to about 10 ochms. The
dc impedance of 10 ohms is further reduced at
frequencies where Cj) produces increased local
feedback. The static output impedance, as previ-
ously suggested, is also enhanced by the dc feed-
back factor of the entire loop, which reduces the
filter-amplifier impedance by 1000 to a small
fraction of an ohm, ’

II1. PERFORMANCE
A, Offset Stability

There are three main contributions todrift
at the electrometer input. These are

1. Variation in dynamic capacitor contact
potential,

2, Variation in balance of the dc amplifier
comparator, and

3. Variation of the demodulator offset.

Contact potential drift in the modulator
appears directly at the electrometer input.
Changes in modulator reference potentials are
similarly reflected directly at the input. As a
precaution against inverse-polarity leakage cur-
rents, the modulator is referenced sc that anom-
inal negative potential appears at the summing
point. Leakage produced by input resistance will
therefore cause a small error current, of the
same polarity as positive-ion current, to flow in
the feedback element.

The comparator stage of the dc filter-
amplifier is a relatively coarse device. Thedrift
in the differential stage composed of Q7 and Q8
is characteristically about -50 mV between -20
and +70°C, yielding an average temperature coef-
ficient of -0.6 mV/°C. If the gain of the carrier
section between the modulator and demodulator
were assumed constant at 35 over this tempera-
ture range, the drift at the summing point attri-
butable to the dc amplifier instability would be
1.4 mV, ’

The demodulator transistor {Q5) is likewise
coarse in performance. A 2N329A PNP alloy
transistor is used in the normal configuration for
its superior current gain, thereby forsaking the
stability of the inverted connection. It is esti-
mated that drifts in its saturation voltage attri-
butable to temperature and alpha changes will not
exceed 10 mV. The full-cycle average drift,

5 mV, would correspondingly produce a 0. 14-mV
shift at the electrometer input. The combined
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demodulator-dc amplifier drift reflected to the
electrometer input would therefore be small com-
pared with the modulator contact potential drifts,
which fall in the 5- to 10-mV range.

B. Feedback Stability

The electrometer transfer characteristic
may be written

Eo s Iinzf(l “} Kﬁ) (3)
where

A

P
Zf = feedback impedance.

it

forward dc amplifier gain

1"

portion of output returned to summing point

The amplifier, as is implied in Eq. (3), is depen-
dent upon the feedback factor AP for such impor-
tant characteristics as static accuracy, speed of
response, and loop stability. Trying to satisfy
conditions for loop stability presents an unusual
problem, in that R;, one of the principal param-
eters in the calculation of AP, varies in excess of
seven decades.

Since the feedback resistance varies as an
inverse function of the feedback current, the sec-
ondary feedback, or damping, must also be non-
linear. No single condition of feedback will satisfy
requirements for both loop stability and speed of
response at all currents within the measurable
range of the instrument. A nonlinear attenuator
composed of R7, R8, R11, and zener diode CR1
provides a two-point compensation characterized
by zero damping at low currents, fixed damping
at high currents, and a transition corresponding
to about one current decade. The use of C 5 in the
dual role of damping element and carrier-
frequency coupling capacitor was suggested by an
earlier commercial application.

To correlate actual performance with pre-
dicted behavior and to verify adequacy of phase
margins, a set of tests was performed on a lab-
oratory electrometer using the experimental
arrangement of Fig. 6. The signal generator was
placed in the feedback loop so that the feedback
would still stabilize the dc operating point and that
output levels would be determined by the equiva-
lent series generator voltage, i.e.,

_ F
£y - Vil Ey)
where
Vg = Ep - FET
F = feedback factor = AB.

The open-loop amplitude and phase responses
were obtained by taking oscilloscope pictures of
the waveforms on both sides of the floating signal
generator, which also supplied scope trigger
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Fig. 6-Test setup for loop transmission
measurements

pulses. The dc bias current in the tube was deter-
mined by resistors connected between a 1-V bat-
tery and the electrometer input. This resulted in
a 10% reduction in Ay and in a small modification
to the responses of F vs the frequency that would
have been qbtained with perfect current sources.
A 50-pF capacitor with a leakage resistance
greater than 1015 ohms simulated the capacitance
between the collector and its electrostatic shield.
An R-C filter at the scope input reduced the 60-Hz
signals generated in the loop by the large floating
generator; as a result, measurements above 20 Hz
were somewhat unreliable, For bias currents
greater than or equal to 10-10 A, the secondary
feedback was removed by disconnecting R10. Fig-
ures 7 through 12 show gain and phase shift of the
amplifier measured at frequencies from 0.01 to
100 Hz for bias currents between 10-6and 10-13 A,

[ -Odw
-0.8w
o3 £
\\ oo §
o
< =
L \\ "] 11| 7m0 g, seorary Looe o5
€0 % CARCITIVELY COUPLED -are
© \K DIRECT-COUPLED
Tyiea = 1076 A
g M\*\“
hE ) SN
o .\"\.‘\
\4
ot
.m“a.ﬁ al ; t H %
FREQUEKCY, Hz

Fig. 7-Gain and phase curves with secondary
feedback in (I, = 106 A)

The laboratory electrometer used for these
tests contained several components whose values
were different from the nominal flight-unit values
or had changed since those components were
installed. Since there was some variance between
measured responses and nominal curves, com-
parison was then made between measured compo-
nent values and values providing the best fit tothe
experimental curves (see Table I).

The best-fit component values agree reason-~
ably well with ¢he measured values except for Gg,
where the dispersion is not fully understood at
this time. Most notable departures from expected
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Fig. 8-Gain and phase curves with secondary
feedback in (Ip;,, = 1077 A)
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Fig. 9-Gain and phase curves with secondary
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Fig. 10-Gain and phase curves with secondary
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Cp. The filter capacitor, a bipolar tantalum unit,
may have deteriorated with age. The dynamic
capacitor, a non-flightworthy developmental
model, had apparently acquired a reduced reed-
to-anvil spacing.

Of the six bias conditions for which curves
have been drawn, minimum margin occurs with a
bias current of 10-11 A (Fig. 10). In this curve,
the rolloff rate at gain crossover (10 Hz)is about
8 dB/octave with a -144-deg phase shift, although
the phase shift in this case does reach a pre-
crossover maximum of -153 deg at 6 Hz. Devia-
tions in the capacitances Cp and Cg reduced the
corner frequency produced by one of the dominant
poles from a nominal 22 Hz to less than half its
standard value. This placed that corner frequency
near gain crossover, thereby reducing margins
in the laboratory instrument, though not to intol-
erably small levels, The flight instruments were
generally adjusted for transition between secon-
dary feedback states at about 5 x 10712 A,

¢
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‘ R,,, K 130 150 150
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FREQUENCY, Hr Ry, K 6.8 9.1 9.1
Fig. 11-Gain and phase curves wiltzh secondary 338’ K 24 24 24
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Fig. 12-Gain and phase curves wilt§1 secondary A9 -1000 - -1000
feedback out (Ibias = 10 A)
values were in the cases of the filter capacitor
Cl11 and the dynamic capacitor rest capacitance, C. Closed-Loop Performance

When the electrometer isdrivenbyacurrent
source, its transfer impedance may be expressed
in the following modified form of Eq. (3):

-E

1
-2 - 2 (17¥7) - (5)

in

If the loop transmission characteristic is approx-
imated at gain crossover {f,.) by a 6 dB/octave
rolloff rate, the transfer impedance is then given

by
Re
27 = {1+ pT il + p'rgc) (6)
where
Tgc = Zvlf
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Table II. Dominant time constants and corner frequencies for nominal closed-loop response
Bias Time constant, sec Corner frequency, Hz

current
A T4 Tee f4 fgc f'gc

1076 5x 107" A 0.0094 3.7 x 10° - 17

1077 5x107% 2 .014 370 - 1

10710 0.005 2 .053 37 - 3.0

10711 0.05 0.018 b 3.7 9 0.35

10712 0.5 0.018 0.37 9 0.035

10713 5 0.018 45° 0.037 9 0.0035
aSecondary feedback connected at these currents; for applicable time constant, see -r'gc column.
bSecondary feedback customarily digconnected at these currents; values listed denote theoretical
values that would be obtained if secondary feedback were connected.

Table IIlists the time constants of Eq. (6)

and their associated frequencies as a function of
bias current. The gain-crossover frequency with
secondary feedback (f'gc) is also listed.

Families of closed-loop frequency responses
are shown in Figs. 13 and 14 for secondary feed-
back in and out, respectively. Electrometer bias-
ing was similar to that used in Fig, 10, and a
signal current was inserted into the summing
point by a funciion generator connected in series
with a suitably large resistor. The only param-
eter significantly different from the ones used in
the loop transmissgion tests was the modulator
rest capacitance {Cp), which was 59 pF for the
dynamic capacitor used in this case.

5
O & . \J
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Fig. 13-Closed-loop frequency response
with secondary feedback
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Fig. 14-Closed-loop frequency response
without secondary feedback

Peaking that occurs at lower currents in
Fig. 13 is directly attributable to phase shifts
associated with peaks in loop transmission char-
acteristics that are not sufficiently removed from
gain crossover. The overshoots associated with
transient response to these characteristics were
not observed in flight instruments, since second-
dary feedback transition occurred at about
5 x 10-12 A, The peaks are removable, however,
by direct coupling of the secondary feedback.
This is .considered a generally advisable procedure
for this configuration providing that capacitor
Cp has a sufficiently large leakage resistance.
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Fig. 15-Closed-loop transient response

Closed-loop transient responses (Fig. 15)
were recorded by changing the sine-wave signal
used in the previous closed-loop tests to a square
wave. Care was taken to keep the signal amplitude
down to swings of not more than a quarter of a
decade from quiescent levels, lest nonlinearities
in the feedback tube mask the true small-signal
performance.

IV. THE MARINER II FLIGHT ELECTROMETER
A, Preflight Calibrations

The curves andtables presented here describe
the preflight performance of the Mariner II
solar plasma instrument electrometer. Part of
the logging operation, which started after com-
pleted construction of each unit, consisted of
monitoring important instrument performance
parameters and power supply levels in addition to
the customary calibrations. Table III presents
results of characteristic measurements taken in
the 4-month period prior to launching. The mechan-
ical resonance of the dynamic capacitor is mea-
sured by the frequency of its feedback-driven oscil-
lator. The importance of this measurement is
that large increases in frequency with time are
indicative of leaks in the modulator vacuum seal,
which suggests damping effects such as reduction
in conversion efficiency and alteration in mechan-
ical Q. Acceptance standards for frequency stabil-
ity were based upon statistical data obtained from
Ranger instrument modulators. During this period
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of time, loop gain variations were within +1. 6 and
-3.7 dB of the nominal 60 dB. Input error signal
potentials were, therefore, about +2 mV for the
tabulated values at input currents of 10-6 A, As a
result, if -2mV corrections are made to tabulated
values of Vi, one has a thermal and temporal
history of modulator contact potential.

The curves of Fig. 16 provide the basic
temperature calibration for the electrometer sys-
tem, but for final adjustment they must be normal-
ized to the last preflight temperature calibration.
The effective translational drift of calibrations
between May 8 and August 5, 1962, was about
8 mV,
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Fig. 16-Vacuum-temperature electrometer
calibrations, May 8, 1962

B. Flight Performance

The Mariner II flight to Venus lasted
approximately 109 days, during which time an
over-all flight distance of about 180 million miles
was traversed. At Venus encounter, the space-
craft communicated its scientific data to Earth
over an interplanetary distance of 36 million miles.

Radio signals from the Mariner spacecraft
were heard for the last time by the JPL Deep
Space Instrumentation Facility station in Johan-
nesburg, South Africa, at the conclusion of its
acquisition period at 2:00 a.m. EST onJanuary 3,
1963. At that time the spacecraft was 53.9 million
miles from the Earth and 5. 6 million miles
beyond Venus, and had traveled 223.7 million
miles since launch on August 27, 1962. During
the 129 days between launching and the final loss
of radio contact with the spacecraft, the inter-
planetary or cruise science instruments, of which
the solar plasma instrument was one, operated
for a total of 118.2 days, and data produced by
these instruments were actually recorded by the
tracking stations for approximately 104. 1 days.
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Table III. Preflight electrometer performance
Date Modula;or gzequency Loo% gain vin at Iin = 10—6 A Tempixg.turea Pressure
0’ 0 mV torr
5/8/62 2,259.7 1,150 -26.5 +24 1 atm
(IPL) 2,259.4 1,150 -26.1 +26 1074
2,259.3 650 -25.4 -9 2x107°
2,261.1 1,110 -25.8 +68 2x1073
2,258.8 1,130 -28.4 +24 10-5
2,259.1 1,110 -29.7 +23 1 atm
6/28/62 2,260.5 1,080 -25.3 Amb + 25° 1 atm
(AMR) 2,260,9 730 ~-21.6 | Amb - 20
l 2,262.0 910 ~-25,5 Amb + 70
2,260.0 1,051 -23.8 Amb + 25
8/5/62 2,260.8 1,110 -28.0 +28 1 atm
(Final at AMR, 2,260.2 1,200 -23.7 +40 1.3x107%
3Unless oth2rwi ‘= noted, all temperatures are those at the instrument chassis,
brAmb" denotes . -nbient temperature,

Information on :.uise sc erce experiments was
recorded withou® interruption for one period of
38.3 days and for three other periods of more
than 9 days.

The Mariner II solar plasn:a instrument
operated successfully throughout the entire flight,
in both the cruise and planet encounter modes.
The plasma experiment required 3.7 minutes to
acquire a complete energy spectrum of the plasma
and during the flight of Mariner II, approximately
40, 000 such spectra were obtained. Perhaps the
most interesting new information to arise from
the very large volume of data on interplanetary
fields and particles is the demonstration that
solar plasma flowing radially out from the Sun
was detectable in every one of the 40, 000 spectra
obtained in the 4-month mission and is therefore
presumably always present.

A detailed analysis of engineering flight data
pertinent to the solar plasma instrument and its
electrometer is presented in Ref. 1, Scientific
results may be found in Refs. 5, 6, and 7,

V. DISCUSSION AND CONCLUSIONS

The Mariner II Venus mission, with its
succesgsful utilization of a vibrating-reed elec-
trometer to analyze solar plasma data, not only
verified the existence of the solar wind, but also

proved that such an electrometer could withstand
alaunch environment and the rigors of deep-space
flight and could serve as 4 stable and reliable
device for detecting and reporting space phenom-
ena.

Although improved versions of this type of
electrometer are now available with stable
resistive feedback, with smaller and more stable
modulators, and withhigher gain, lower-noise
transistors, the applicable fundamentals of design,
analysis, and performance of carrier electrom-
eters will not necessarily be new, for, as the
authors have attempted todemonstrate, the art is
an established one.
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